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ABSTRACT
Within the UK, approximately 10 million tonnes of sludge dry solids are currently produced 
annually. Heavy metal accumulation in the soil-plant-animal system is a major concern in 
sewage sludge application on agricultural land. Remediation technologies that adopt 'in-situ' 
immobilisation of these heavy metals are best suited to sewage sludge and sludge-amended 
soils. Heavy metals found within different environmental media are believed to be immobilised 
by natural zeolites through ion exchange - thus providing one 'in-situ' remediation technology.
This research has tested the effectiveness of using the natural zeolite 'clinoptilolite' in the 
remediation of heavy metal (Cu, Cd, Ni, Pb and Zn) contaminated sludge-amended soils. 
Moreover, through greenhouse trials the efficiency of clinoptilolite to immobilise heavy metals, 
and the impact of the exchangeable zeolitic cations (Ca, K, Mg and Na) on soil and plant 
health, were assessed. Clinoptilolite was found to contain predominantly Na and K 
exchangeable cations, with 10 - 15 % impurities (quartz, cristobalite, etc) and low levels of 
heavy metals (< 25 mg/kg). Batch equilibrium studies showed that clinoptilolite could effectively 
remove Cd, Cu, Ni, Pb and Zn from synthetic aqueous metal solutions under controlled pH and 
contact time experiments. For pH 5, 5.5, 6 rapid heavy metal removal occurred within the first 
10 minutes of contact with a 10 mg/l mixed metal solution. Clinoptilolite selectivity for different 
contact times was: Pb > Cu > Cd > Zn > Ni. These experiments also demonstrated Na and K 
release into the mixed metal solution as a function of contact time. Increasing the 
concentration of the mixed metal solution resulted in a change in metal selectivity in every case, 
highlighting the competition of heavy metals for zeolite exchange sites.
Using sludge-amended soil (RFC) containing heavy metals at levels exceeding UK 
guidelines, geochemical fractionation studies showed a significant association of Cu, Zn and Ni 
(43 - 67 %) with the residual fractions, with Pb and Cd mainly associated with the Fe and Mn 
oxide fraction (52 and 61 % respectively). Interestingly, Cd was also significantly associated 
with the exchangeable fraction (29 %). Non-sludge amended soil (RFU) containing heavy 
metal levels below stated UK guidelines showed all metals were predominantly associated with 
the residual fraction (50 - 100 %). Anaerobically digested dewatered sludge (ADDS - OX) 
contained Cu and Zn above UK guideline levels with Ni, Cu, Zn and Cd predominantly 
associated with the residual fraction (54 -100 %), and Pb with the organic fraction (53 %).
Comprehensive greenhouse trials, using perennial ryegrass and white clover, were 
conducted with clinoptilolite addition to both sludge-amended soils (RFC and RFU/OX) and 
non-sludge amended soils (RFU and commercial peat - CP). Increasing zeolite additions to the 
sludge-amended soils did not significantly affect the heavy metal mobility or bioavailability of 
Cu, Zn and Pb. A reduction in soil Ni was observed for the sludge-amended soil (RFC) for both 
crops and a reduction in soil Cd for ryegrass only. This may be due to difficulties in measuring 
low levels of these heavy metals in the collected media. Zeolite additions significantly 
increased the concentration of both Na and K in all soils, suggesting possible ion exchange 
occurring in these soils with components other than those studied, e.g. anions, organic 
complexes, etc. Increasing zeolite addition to soils also resulted in plant morphological 
changes, such as, signs of wilting, yellowing of leaves. These plants were generally unhealthy 
compared with non-zeolite addition crops.
This research confirms the potential negative environmental implications of using 
particular natural zeolites as ’in-situ' remediation materials. Thus Na-dominated zeolites should 
be treated with caution in the remediation of metal-contaminated media. However, there is 
some commercial potential in using zeolites (natural and conditioned) provided that the 
selected zeolite 'in-situ'W\\h the contaminated media are considered in combination and are 'fit- 
for-purpose' in the long term.
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CHAPTER i
INTRODUCTION
1.1 Introduction
It seems strange to think that in early medieval times human waste was disposed of in 
the streets by the bucket load, to be later walked on by the very people contributing to this 
waste. The thought of using their waste for sustainable agricultural purposes did not occur to 
these ‘civilised’ people. The concentration of human waste, in close proximity to living quarters, 
would accelerate disease and death amongst townsfolk. The later development of the latrine 
pit, as used by Roman civilisation, where human waste was kept separate from the main 
dwellings, but concentrated in one spot, led to pollution of the groundwater supplies, and a 
place for disease to spread. Before the advent of piped-in water, human excrement was 
deposited in cesspools (lined pits with some drainage of liquid) or vault privies (tanks which had 
no drainage) in the gardens of European towns (Rockefeller, 2001). Human waste collected 
from privies at night, termed ‘night soil', would be collected and dumped either in local rivers or 
streams, or deposited onto agricultural land without treatment. This archaic form of collection 
and deposition is still used in some Asian cultures today. Also, in the first century AD, North 
Africa’s fertile fields were supporting two thirds of the grain consumed in Rome. But the return 
of nutrients and organic matter from that food was not recycled to the farms where it originated; 
instead, it was flushed into the Mediterranean (Gardner, 1997).
The Romans were the first to come up with the idea of using sewers for fouled water. It 
was not until the early 19th Century that Europeans developed the sewer as a means of 
removing human waste from latrines and water-closets (first flush toilets that enabled human 
waste to be removed from the house using pumped water). Nevertheless, water pumped into 
the house had to be collected, and the majority of waste from homes would be pumped into 
cesspools. These cesspools, often overflowing, would harbour deadly diseases.
By the middle to late 19th century, enclosed underground sewers were constructed to 
remove the human waste and excess surface runoff from cities, which were deposited either 
directly onto farmland or into lakes, rivers or the sea. In the 1880’s, 'gravy boats' were used to 
transport London's sewage down the Thames, to be dumped out at sea. Although this removed 
the problem of sewage in London, the back-flow of waste from the sea into the Thames Estuary 
and coastal margins brought its own environmental disasters.
Looking back through the history of dealing with human waste the main issue has 
always been that of 'disposal' rather than 'treatment and re-use'. This 'disposal' concern still 
holds true today for many developing countries, where money and knowledge for such 
treatment facilities is scarce.
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Lack of treatment on the disposed human waste has through the ages brought with it 
serious health effects. The connection of the cesspool to open plan city sewers with little 
coverage, brought the largest epidemic of water-borne disease to city dwellers, e.g. in 1832,
20,000 people died of cholera in Paris (Rockefeller, 2001). Raw sewage used to irrigate 
vegetables and salad crops was blamed for the spread of worm-related disease in Berlin in 
1949, cholera in Jerusalem in 1970, typhoid fever in Santiago in the early 1980s, and cholera in 
western South America in 1991 (Gardner, 1997).
Today, in developed countries, most of the human waste, although possibly mixed with 
industrial waste, storm water and/or road runoff is treated physically, biologically and chemically 
in the understanding that the end product will provide clean running water to watercourses, and 
a safe organic material to re-use on our farmland. Within the European Union the treatment of 
wastewater, and the final sludge, is undertaken to strict guidelines in order to protect the quality 
of our watercourses, coastal areas and soils. However, have we really come that far in 
sustainable technological advancement with our sewage treatment today compared to, say, in 
Roman times? The energy required to treat our waste is unsustainable, and in the end are we 
not still admitting to the same way of thinking as the medieval civilisation: 'out o f sight, out o f 
mind”?
The growing interest in sewage sludge (biosolids) re-use reflects the dwindling options 
for cheap disposal - landfills are becoming costly and scarce, incineration carries its own 
environmental risks. One problem that has always been prevalent is the increasing amount of 
inorganic compounds existing in the final sludge. Compounds such as heavy metals and 
radionuclides, if deposited onto agricultural land, can have a wide range of toxic effects to the 
soil-plant-animal system. Although disposal to agricultural land may become the best option we 
still have to deal with the problem of heavy metals in sludge-amended soils, and in some cases, 
depending on the treatment methods used, the pathogenic organism content. Ultimately, a 
knowledge of the physico-chemical characteristics of the heavy metals evident in the initial 
wastewater, the final sludge, and the receiving soil in which it is to be deposited, will enable 
scientists to further understand ways in which remediation techniques could be better placed.
With the advent of stricter environmental legislation requiring industry to adopt cleaner 
environmental technology, the effluent reaching the treatment plants should become less toxic. 
Nevertheless, the concentration of heavy metals in the final sludge still has to be at an 
adequate level to be used for several applications on agricultural soils.
It is both costly and expensive to remove heavy metals from wastewater and from 
sewage sludge at the treatment works, therefore remediation technologies that adopt an 'in-situ'
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immobilisation of these metals would be a better solution for sewage sludge and sludge- 
amended soils. Natural zeolites in principle, offer this type of remediation, whereby the heavy 
metals become sorbed within the zeolite framework. However, the long-term effects from the 
soil environment on the ability of the zeolite to maintain the sorption of these metals has still to 
be addressed.
This thesis focuses on the use of natural zeolites tôr the remediation of heavy metals in 
sludge-amended soils. A holistic, environmental approach has been adopted detailing not only 
the effectiveness of using natural zeolites in agricultural soils, but also the effects to the soil and 
plant environment from these natural materials. This thesis consists of seven chapters and 
outlines the following:
• Chapter 1 - heavy metal interactions in soils and their effects within the soil-plant-animal 
system. A review of research in sludge-amended soils and their effects on the soil-plant 
system is also discussed. Current legislation and remediation options will also be 
examined for sludge-amended soils in the UK, together with a detailed review of in-situ 
remediation of heavy metal contaminated media using natural zeolites.
• Chapter 2 - details the analytical methodologies utilised within this research.
• Chapter 3 - discusses the physico-chemical characteristics of all media used in this 
research; namely natural zeolite clinoptilolite, anaerobically digested dewatered sludge 
cake and, sludge and non-sludge amended soil.
• Chapter 4 - focuses on the acid extractable metals (i.e. Cd, Cu, Ni, Pb and Zn) contained 
within all media used in this research. The geochemical fractionation techniques are 
reviewed, and problems associated with the interpretation of this technique are discussed. 
The geochemical fractionation results for the soils studied in this research are also 
presented.
• Chapter 5 - presents a detailed review of the sorption mechanisms involved with the 
application of natural zeolites. It also investigates the effects of relevant parameters such 
as pH, contact time and metal concentration on the removal efficiency of the systems 
studied.
•  Chapter 6 - discusses the greenhouse trials and the effectiveness of using the natural 
zeolite clinoptilolite in four different soil media. The effectiveness of the natural zeolite to 
reduce/enhance both heavy metal (Cd, Cu, Ni, Pb and Zn) and essential element (Ca, K, 
Mg and Na) mobility and bioavailability are discussed.
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•  Chapter 7 - concluding discussion of the research results, together with possible future 
directions.
1.2 Aim
The aim of this research is to investigate the potential of using the natural zeolite
clinoptilolite for the remediation of heavy metal contaminated sludge-amended soils.
1.2.1 Objectives
• Perform a detailed chemical characterisation of the natural zeolite clinoptilolite and assess 
its potential for the removal of heavy metals, namely Cd, Cu, Ni, Pb and Zn.
• Perform a detailed chemical characterisation of a selected sewage sludge, to include acid 
extractable metals and geochemical fractionation analysis.
•  Perform a detailed chemical characterisation of three soils to be used for greenhouse trials: 
a sludge-amended soil that has exceeded MAFF maximum permissible and advisable 
concentrations for potentially toxic elements in soil (The Code of Practice for Agricultural 
Use of Sewage Sludge), a soil from the same area that had no previous sludge addition 
and a commercial peat of high organic matter content.
• Conduct comprehensive greenhouse trials to evaluate the technical feasibility and viability 
of using clinoptilolite for the remediation of potentially toxic heavy metal contaminated 
sludge-amended agricultural soils, with comparisons being made with non-sludge amended 
soils, commercially available compost and freshly sludge-amended soil. Perform a holistic 
approach to the mobility and bioavailability of both heavy metals (Cd, Cu, Ni, Pb and Zn) 
and essential elements (Ca, K, Mg and Na) as a result of zeolite application, in two forage 
crops namely perennial ryegrass (Lolium perenne napoleon) and white clover (Trifolium 
repens).
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1.3 Heavy Metals in Soils
Contamination of the terrestrial environment by heavy metals has been occurring for 
millions of years from the natural weathering of the parent rocks. Natural weathering of parent 
rock will precipitate metals into the soil system through the processes of hydrolysis, hydration, 
dissolution, oxidation, reduction, ion exchange and carbonation. The presence of organic 
matter and biomass in the soil will also result in the biochemical weathering of the parent 
material. Volcanic eruptions can provide particulate heavy metals which, when precipitated 
onto the ground will accumulate in the soil and plant systems. Heavy metals such as zinc and 
cadmium can be found in high concentrations in soils derived from basaltic or shale parent 
material (Safaya et al., 1987). Table 1.0 shows the 'typical' natural heavy metal concentrations 
of surface soils.
Table 1.0: Heavy Metal Concentrations in Surface Soils
Element Concentration (ng/g dry weight)
Mean Range
Mn 450 7-2000
Co 8 0.2-50
Ni 20 1-120
Cu 15 6-60
Zn 60 17-125
Cd 0.25 0.01-2.5
Hg 0.05 0.004-0.70
Pb 20 1.8-80
(Adapted from Ward, 1997)
Anthropogenic sources of heavy metals are a major problem in that there is no way of 
knowing how much will enter the soil system at any one time. Heavy metals may be dispersed 
into the environment from the following:
•  metalliferous mining - ore minerals such as zinc sulphide are extracted for the metal 
zinc, with a by-product of associated heavy metals including Cd, Cu, Pb, As, Se, Sb, Ag, 
Au and In (Alloway & Ayres, 1997);
•  agricultural materials - contain impurities in fertilisers, pesticides, preservatives, pig and 
poultry wastes, composts and sewage sludge1;
•  fossil fuel combustion - releases a wide range of heavy metals into the atmosphere;
1 The term 'sewage sludge' will be used throughout this thesis, however the terms 'biosolid' or 'wastewater biosolid' 
are now becoming introduced into other areas of research to describe treated sewage sludge that is of a quality 
suitable for recycling.
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•  transport industry - uses a wide range of heavy metals both in the manufacture and use 
of vehicles, especially lead in leaded petrol;
• heavy metals can also enter the environment from waste disposal either as a result of 
landfill leachate directly into soils and groundwater supplies, or from the incineration of 
waste.
Evidence of the influence of anthropogenic activities on environmental heavy metal 
levels is apparent from data available for the South Pole (area remote from anthropogenic 
activity). Table 1.1 shows the heavy metals present in the atmosphere both over industrialised 
Europe and the South Pole.
Table 1.1: Heavy Metal Concentrations in the Atmosphere
Element Atmosphere concentration (ng/m3)
Europe South pole
Mn 9-210 0.01
Ni 4-120 -
Cu 8-49000 0.036
Zn 13-16000 0.03
Cd 0.5-620 <0.015
Hg <0.009-2.8 -
Pb 55-340 0.63
(Adapted from Alloway & Ayres, 997)
The amount of heavy metals being deposited on the surface layers of a soil will be 
determined by local contamination, and long range dispersion of fine particulate pollutants 
which are transported in the atmosphere for several months and therefore can travel 
considerable distances before deposition. On interaction with the soil surface these heavy 
metals are either adsorbed by differing degrees onto the topsoil colloids or washed through the 
surface layer into the soil profile. Hence, the mobility and bioavailability of metals present in the 
soil depends on the physico-chemical properties of both the metal and the soil it is entering.
The adsorption of heavy metals into the soil system will greatly depend on:
• the form in which the metal enters the soil - solid particulate in wet or dry deposition or 
solution;
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•  the range of metal species - metals remain as metal atoms within the soil system. 
However, the effects of decomposition from organic molecular binding and varying soil 
conditions may change their spéciation;
• the charge on the metal entering the soil - in general clay colloids are negatively charged 
and thus cationic metals entering the soil will be adsorbed strongly, whereas anionic metals 
will be repelled;
• the pH of the soil environment will determine the availability of exchange sites on the soil 
colloid. At low pH’s, the total sum of exchangeable cations a soil can hold (the Cation 
Exchange Capacity - CEC) will be low. As the pH increases the CEC increases. Also, the 
availability of heavy metals in soils tends to be lower at higher pH due to the formation of 
very strong precipitates and adsorption, and to the increased stability of complexes with 
humic substances (Petruzelli, 1989);
• the percentage of organic matter present in the soil - organic matter has a greater CEC 
than other soil constituents, and is also responsible for the formation of complexes (mostly 
chelates) with metals.
The varied types of soil will determine the amount of metals adsorbed and whether 
they will be retained in the soil. Soils high in organic matter, clay minerals, hydrous metal 
oxides, carbonates and inorganic compounds will also help sorb metals and reduce their 
concentration in the soil solution: a detailed explanation of these geochemical associations will 
be presented in Chapter 4. However, due to their permeability, sandy soils (having little ability 
to sorb heavy metals) tend to leach their metals into waterways. The order for the increasing 
strength of specific adsorption of selected heavy metals is: Cd > Ni > Co > Zn > > Cu > Pb > Hg 
(Alloway & Ayres, 1997).
The residence time for some of these metals can be quite significant and will have 
serious implications for the soil they are in, e.g. residence time for cadmium in soil = 75-380 
years; mercury = 500-1000 years; As, Cu, Ni, Pb, Zn and Se = 1000-3000 years (Alloway, 
1995). The residence time varies depending on the physico-chemical properties of the soil and 
metal, but it does clearly imply that heavy metal contamination of soils is a long-term problem.
Further reactions that take place in the soil that affect heavy metal mobility include:
• Redox reactions - change the metal species and in turn affect their mobility;
•  Complexation - alters the charge on the metal and will therefore affect how it is
adsorbed onto the soil colloid;
•  Ion exchange and precipitation - removes dissolved species from the soil solution;
• Dissolution - increases the concentration of species in solution.
The activity of soil fauna influences the movement of heavy metals through the soil 
horizons. Earthworms are known to digest radionuclides and heavy metals from both decaying 
plant material and mineral soil components, and transfer them laterally and vertically through 
the soil horizons (Kabata-Pendias & Pendias, 1984; Alloway, 1995; Brown & Bell, 1995). Soil 
micro-organism activity also plays an important role. If the microbial activity is disrupted the 
ability of soils to accumulate and retain metals will be affected; reduction in the rate of 
decomposition will cause organic matter to accumulate on the soil surface, increasing the 
number of potential metal-binding sites. Heavy metals may also re-enter the soil environment 
via urine and faeces of animals that are grazing on contaminated vegetation. This 
contamination will eventually find its way down the soil profile and be adsorbed onto the soil 
colloid surface. However, a percentage of ‘grazed’ metal can be biologically absorbed onto 
certain tissues of the grazing animal, with potential consequences for the health of that animal 
or its predators or consumers. Different land management practices will also affect the mobility 
of metals; in tilled soils the concentration of metals may be more widely distributed down 
through the soil profile than in untilled soils, due to the mixing and transport of the topsoil.
Table 1.2 gives a general summary of the heavy metal concentrations in 
uncontaminated soil, and metal concentrations considered to be toxic in soil and soil solutions.
Table 1.2: Concentrations of Heavy Metals in Soils and Soil Solution
Element Normal range in 
soil (total)
(mg/kg dry weight)
Concentration in soil 
considered toxic 
(total)
(mg/kg dry weight)
Soil solution 
concentration 
considered as 
toxic
(mg/I)
Cr 5-1000 75-100 0.001
Mn 200-2000 1500-3000 0.1-10
Co 1-70 25-50 0.01
Ni 10-1000 100 0.05
. Cu 2-100 60-125 0.03-0.3
Zn 10-300 70-400 <0.005
Cd 0.01-7 3-8 0.001
Sn <5 50 -
Pb 2-200 100-400 0.001
(Adapted from Ross, 1994)
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Figure 1.0 shows a simplified biogeochemical cycle of heavy metals in the soil-plant- 
animal system.
Figure 1.0: Biogeochemical Cycle of Heavy Metals
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1.4 Heavy Metals in Plants
Plants can be seen as intermediate reservoirs through which heavy metals move from 
soils (water and air) into animals and man. However, not all heavy metals held within the soil 
system are readily available for plant uptake. Some may be strongly bound in dissolved 
complexes or onto sediment surfaces, or in organic films surrounding particles (Depledge, et 
al., 1994). Changes in the physico-chemical conditions in the environment will influence the 
amount of metal species taken up by the plant.
The type of soil the heavy metals are adsorbed onto will determine the rate at which 
heavy metals are taken up by plants. Soils with high clay content may fix certain heavy metals, 
whereas soils high in organic matter will complex with the metal making it more mobile. The 
most important factor affecting the proportion of metal available to plants is soil pH, with
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mobility/solubility of heavy metals increasing with decreasing pH. The uptake of heavy metals 
by plants is also species dependent (different plants require different amounts of nutrients and 
water from the soil) and will differ between seasons. The concentration and spéciation of the 
metals present, together with the phosphate content of the soil and plant species concerned 
(i.e. age, rooting depth, plant parts) are all important factors when considering the amount of 
heavy metal that will be taken up by the plant.
The main processes of heavy metal uptake from soil by plants are
(Martin & Coughtrey, 1982):
• direct absorption across the root epidermis;
• absorption via an organic or mineral-organic carrier complex;
• absorption via exchange mediated by chemical processes; and,
• release of organic chelates by the plant itself and by rhizosphere micro-organisms.
The most readily available heavy metals are those that are present in the soil solution 
as either ionic or soluble organic-matter complexes. Hence, the most important pool of 
available heavy metals can be found associated with charged sites on clay colloids and organic 
matter. Changes in soil condition, e.g. increase/decrease in pH, organic matter content and 
drainage status of the soil, will therefore affect the mobility and bioavailability of heavy metals.
The rhizosphere (area between plant roots and surrounding soil) receives large 
amounts of organic material from the roots. Hence, in this area intense microbiological and 
biochemical activity takes place, enabling the plant roots to mobilise some of the heavy metals 
which are strongly adsorbed in the soil, through the processes of acidification, redox changes, 
or the formation of organic complexes (Alloway, 1995).
Plants can also take heavy metals into their leafy tissues via foliar absorption, i.e. 
dust/splash deposition from roads and agricultural application (Ward & Savage, 1994). 
However, foliar deposition is largely dependent on the plant species, the nutritional status of the 
plant, age of the leaf, humidity at the leaf surface, nature of solutes and the presence of 
stomata guard cells (Alloway, 1995).
1.4.1 Deficiency and Toxicity Caused by Heavy Metals
Living organisms require certain elements to grow and maintain their physical structure, 
metabolic activity and reproductive capacity. The main essential elements required for plant life
i i
include C, H, 0, N, S and P. Other elements that are required for plants in minor or trace 
amounts include Al, As, B, Br, Ca, Cl, Co, Cu, F, Fe, I, K, Li, Mg, Mn, Mo, Na, Ni, Rb, Se, Si, Ti, 
V, Zn (Bowen, 1966). Table 1.3 shows the physiological role of certain essential elements in 
plants.
Table 1.3: Physiological Role of Essential Elements in Plants
Element Physiological Role
Ca Component of Ca pectate in cell walls and required for cell 
membrane stability
Cl Electrolyte function
Cu Enzyme activator
Fe Found in prosthetic group of respiratory enzymes
Mg Metallic constituent of chlorophyll
Mn Enzyme activator
Mo Found in metalloflavin enzymes
N Component of proteins
P Found in nucleic acids, phospholipids, and coenzymes
K Osmotic regulator in cell vacuoles
S Found in proteins
Zn Found in metalloenzymes
(Brooks, 1972)
If these elements are present in excessive concentrations they can cause toxic effects. 
Similarly, the absence of a trace element may cause a deficiency within the plant. Tables 1.4 
and 1.5, respectively, outline the symptoms of trace element deficiency and toxicity of heavy 
metals in common cultivars.
Table 1.4: Symptoms of Trace Element Deficiency in Common Cultivars
Element Symptoms Sensitive crop
Cu Wilting, melanism, white twisted tips, 
reduction in panicle formation and 
disturbance of lignification
Cereals (oats), sunflower, spinach, and 
alfalfa
Fe Interveinai chlorosis of young organs Fruit trees (citrus), grapes, and several 
calcifuge species
Mn Chlorotic spots and necrosis of young 
leaves and reduced turgor
Cereals (oats), legumes, and fruit trees
Zn Interveinal chlorosis, stunted growth and 
violet-red points on leaves
Cereals (corn), legumes, grasses, 
hops, flax, grapes, and fruit trees 
(citrus)
(Kabata-Pendias & Pendias, 1984)
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Table 1.5: Symptoms of Trace Element Toxicity in Common Cultivars
Element Symptoms Sensitive crop
Cd Brown margin of leaves, chlorosis, reddish 
veins and petioles, curled leaves, and brown 
stunted roots
Legumes (bean, soybean), 
spinach, radish, carrots and 
oats
Cu Dark green leaves followed by induced Fe 
chlorosis, thick, short, or barbed-wire roots, 
depressed tillering
Cereals and legumes, 
spinach, citrus seedlings, 
and gladiolus
Fe Dark green foliage, stunted growth of tops and 
roots, dark brown to purple leaves of some 
plants
Rice and tobacco
Ni Interveinal chlorosis in new leaves, grey-green 
leaves, and brown stunted roots
Cereals
Pb Dark green leaves, wilting of older leaves, 
stunted foliage, and brown short roots
-
Zn Chlorotic and necrotic leaf tips, interveinal 
chlorosis in new leaves, retarded growth of 
entire plant, and injured roots resemble barbed 
wire
Cereals and spinach
(Kabata-Pendias & Pendias, 1984)
Deficiencies are most frequently found in extremely acid soils (sandy) or alkaline soils 
(calcareous) with improper water regimes and with excesses of phosphate, nitrogen, calcium, 
iron and manganese oxides (Kabata-Pendias & Pendias, 1984). The most toxic heavy metals 
for both higher plants and certain micro-organisms are Hg, Cu, Ni, Pb, Co, Cd, Ag, Be and Sn 
(Kabata-Pendias & Pendias, 1984). Some heavy metals behave in an antagonistic manner 
where a second element may ‘poison’ the first, e.g. excess copper or sulphate may adversely 
affect the uptake of molybdenum; iron deficiency is induced by an excess of zinc, manganese, 
or copper (Alloway, 1995). Also, some elements may behave in a synergistic manner, i.e. the 
combined effects, due to these elements, is enhanced. Table 1.6 shows some of the 
interactions between major elements and trace elements in plants.
Table 1.6: Antagonistic and Synergistic Elemental Interactions
Major element Antagonistic elements Synergistic elements
Ca Al, B, Ba, Be, Cd, Co, Cr, Cs, Cu, F, Fe, 
Li, Mn, Ni, Pb, Sr, and Zn
Cu, Mn, and Zn
Mg Al, Be, Ba, Cr, Mn, F, Zn, Ni, Co, Cu, 
and Fe
Al and Zn
K Al, B, Hg, Cd, Cr, F, Mo, Mn, and Rb
P Al, As, B, Be, Cd, Cr, Cu, F, Fe, Hg, Mo, 
Mn, Ni, Pb, Rb, Se, Si, Sr, and Zn
Al, B, Cu, F, Fe, Mo, Mn, and 
Zn
(Adapted from Kabata-Pendias & Pendias, 1984)
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1.4.2 Heavy Metal Uptake in the Plant-Animal System
Research conducted by Chimel & Harrison (1981) found that lead levels in bones of 
small mammals living near highways reflected the load of heavy metals in the environment. 
Small mammal bones have also been used to determine the heavy metal loading from mine- 
tailing deposits (Johnson et al., 1978) and in agriculture and highway traffic (Welch & Dick, 
1975). Research conducted by Ward et a i, (1978) looked at the concentration of lead in 
various tissues of sheep grazing close to a busy road. Their findings showed elevated lead 
concentrations within the sheep tissue compared with a control site.
Metal uptake by animals not only occurs through ingestion of herbage but studies have 
shown that direct soil ingestion can amount for 10-20% of the animal's total dry matter intake 
(Fleming & Parle, 1977).
1.5 The Sewage Problem
Mankind has for centuries utilised Earth’s resources for his/her own good, whether it is 
for shelter, food, or technological advancement. Once used, the majority of resource waste 
finds its way, in one form or other, back into Earth's ecosystem. However, one of the biggest 
waste problems to man is that of biological human waste. Today most of the waste produced in 
our homes, and effluent produced in industry, is treated via wastewater treatment plants. 
However, not all the effluent produced is treated in the UK, and especially in developing 
countries little or no treatment regime is adopted. Wastewater treatment in the UK is 
undertaken to strict guidelines, in order to protect the quality of our watercourses and coastal 
areas. The organic matter, sewage sludge or biosolids, remaining from this treatment must be 
disposed of in an appropriate way in order to limit the negative/detrimental effects to the 
environment and our health. Within the UK, approximately 10 million tonnes of sludge dry 
solids are currently produced annually (Moffat, et al., 2001). Hence, the anxiety over waste 
management options within the UK and European Union member states is of utmost concern. 
With the ban on sewage sludge dumping at sea from December 1998, disposal to land, 
incineration and landfill must be seen as the three main outlets for sewage sludge. One 
prevailing problem is the increasing amount of inorganic compounds existing in the final sludge. 
Compounds such as heavy metals and radionuclides, if deposited onto agricultural land, can 
have a wide range of toxic effects to the soil-plant-animal system. Therefore, knowing the 
physico-chemical characteristics of the metals evident in the initial effluent, the final sludge, and
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the receiving soil in which it is to be deposited, will enable scientists to further understand ways 
in which remediation techniques could be better placed.
The chemical and biological constituents of sewage sludge depend upon the 
wastewater entering the treatment plant and the treatment process it undergoes. Typical 
constituents of sewage sludge may include volatiles, organic solids, nutrients, pathogenic 
organisms, heavy metals, toxic organic chemicals from industrial wastes, household chemicals, 
pesticides, and radionuclides (very minor contribution from hospitals and research 
establishments).
1.5.1 Sources of Heavy Metals Reaching Sewage Treatment Works
Domestic effluent, industrial effluent and road run-off are the principle areas of heavy 
metal input to wastewater reaching sewage treatment works (STWs).
1.5.11 Domestic sources
Domestic inputs of heavy metals occur through materials used in distribution and 
plumbing networks, body-care preparations, tap water and detergents (Comber & Gunn, 1996). 
Research conducted by Comber & Gunn (1996) estimated that more than 80% of copper 
discharged from households originated from copper piping. Copper is now the main element 
used in the UK for all domestic plumbing. Zinc inputs arise from corrosion of galvanised iron 
domestic plumbing systems, as well as the wide range of body-care products we use, e.g. skin 
creams, ointments, make-up, deodorant, talcum powder, shampoo and aftershave. Medicated 
shampoos are well known for containing relatively high concentrations of zinc compounds.
Other heavy metals may arise from bath water, faeces, kitchen wastewater, laundry 
and plumbing interactions. Some washing powders contain a significant source of cadmium, 
present as an impurity in phosphates used as softening agents (Comber & Gunn, 1996). 
Differences in tap water supply across the UK will also affect the amount of heavy metals from 
this source, e.g. hard water is particularly aggressive to copper plumbing: thus copper inputs to 
the sewer system can be higher in hard water areas than soft water (Smith, 1996).
1.5.1.2 Industrial sources
Industrial discharges to sewers are mostly dependent on the size and type of industrial 
activity. The types and concentrations of heavy metals depend on the nature of the industries 
producing the effluent. The level of heavy metals reaching STWs from industrial discharges is
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small compared with domestic inputs, due to the amount of control via stringent legislation 
practices (e.g. Environmental Protection Act 1990 and EU Directives). However, smaller 'light' 
industrial complexes situated on the edge of towns, can provide a potential source of heavy 
metals to the sewers e.g. metal finishing, paint shops, plating and casting works, photographic 
laboratories and computer manufacturers (Comber & Gunn, 1994). Identifying particular 
sources of heavy metals from these smaller industrial areas can be troublesome due to the 
number of these industrial inputs. To help broadly identify point source inputs from these 
industrial sources, researchers analysing indigenous mosses (naturally accumulate heavy 
metals) growing on sewer walls have been able to trace along the sewer to the point of greatest 
accumulation - thus helping to identify the source of the heavy metals (Comber & Gunn, 1994).
1.5.1.3 Road runoff
Heavy metals are released into the atmosphere during combustion of petroleum 
products and emitted into the surrounding environment as a result of the wear-and-tear to the 
vehicle. The age, size, condition and speed of the motor vehicle will greatly affect the 
contribution of some of these metals to the environment, as will the type of road the vehicle is 
travelling over. Research by Stotz & Krauth (1994) suggested that porous asphalt, whilst 
reducing the noise of the road and helping the avoidance of aquaplaning and water spreading 
by tyres, has a tendency to become clogged with salts and particulates. These are eventually 
released into the environment through gully-pots, drainage channels, etc.
It should also be noted that heavy metals and hydrocarbons also emanate from the 
wear of the road construction materials. Lindgren (1996) found that asphalt aggregate 
contained heavy metals (Pb, Cr, Cu, Ni, V, As, Cd and Zn) and thus concluded that the wear of 
the road surface would contribute a significant amount of heavy metal loading to the road 
environment. This would in turn affect the heavy metal loading to the STWs.
Table 1.7 shows the most common heavy metals found in road runoff and their 
corresponding sources.
Concentrations of heavy metals will also be greater from road sites compared with 
urban areas during storm events, due to the larger impervious area of drainage sites around 
roads. It should also be noted that a large percentage of this heavy metal loading arises from 
roadside dust.
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Table 1.7: Sources of Heavy Metals in Automobiles
Element Source
Fe, AI, Mo and Cu Bodywork, chassis and paint**
Cu, Pb, Cr and Mn Brake wear*
Pt Used as a catalyst in catalytic converters***
Cd and Zn Tyre wear*
Al, Cu, Ni and Cr Engine wear and fluid leakage*
Fe, Al, Cr and Zn Vehicular component wear and detachment*
V, Ce and Ni All found in welding materials**
*Sansalone, é ta l, 1996; **Donnelly, 1993; ***Chen Wei & Morrison, 1994
1.5.2 The Wastewater Treatment Process
Domestic wastewater and industrial effluent are treated at sewerage works in three
stages:
1. ‘Primary’ treatment -  this may involve a preliminary treatment process whereby any 
large solids are either removed or macerated. The remaining raw sewage may 
then receive an addition of coagulant chemicals (iron salts, lime or alum) before 
sedimentation. The addition of a coagulant promotes flocculation of the fine 
suspended matter into more readily settable floes (Kiely, 1997). The sewage is 
allowed to settle in tanks, where, after a certain length of time sludge can be 
removed, as a 'primary' sludge.
2. ‘Secondary’ treatment -  the organic content of the sewage being treated is broken 
down by bacteria, often with aeration, into carbon dioxide, water and nitrogen 
compounds. The floe so formed constitutes a 'secondary' or 'biological' sludge that 
is removed in final sedimentation tanks.
3. ‘Tertiary’ treatment -  in some STWs further treatment is required to remove 
residual organic matter, solids, ammonia, nitrate and phosphorus to reduce nutrient 
enrichment of the watercourses, or disinfection/irradiation to reduce bacterial levels 
(Try & Price, 1995).
Anaerobic digestion plants are commonly used at larger STWs in the UK to stabilise 
and disinfect primary and secondary sludges arising from sewage treatment. Here the sludge 
is heated to 35°C for a minimum of two weeks, whereby organic solids are biologically broken 
down. This treatment process is sufficient to allow the treated sludge to be spread directly onto 
agricultural land under the requirements of the 'Sludge (Use in Agriculture) Regulations 1989'. 
Anaerobic digested sludge is frequently dewatered (reducing the water content of the sludge to
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form a sludge cake) in lagoons, or by belt press prior to disposal. However, limits on the heavy 
metal and nitrate contents entering agricultural soils must be closely monitored. Figure 1.1 
shows the wastewater treatment process in more detail.
Figure 1.1: Processes Involved in Municipal Wastewater Treatment
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1.5.3 Current Legislation
The legislation discussed below covers those regulations/guidelines that were in force 
or 'due to take effect' within the time of completing this research.
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1.5.3.1 Urban wastewater treatment directive
The Urban Wastewater Treatment Directive 91/271/EEC was introduced to reduce the 
pollution of freshwater and estuarial and coastal waters by urban wastewater. The directive 
specifies that "there is a general need for secondary treatment of urban wastewater" for 
industrial and municipal discharges (Kiely, 1997). The directive requires that values for BOD 
(biological oxygen demand), COD (chemical oxygen demand) and total suspended solids are 
fixed, and requirements must be met for nutrient removal, namely nitrogen and phosphorus 
levels. The standards set down by the directive, to be met by 2005, will substantially increase 
the amount of sludge produced requiring disposal to land-based outlets (Smith, 1996). It has 
been estimated that sludge production will increase by 50% within EU states by 2005, mainly 
as a result of the implementation of the Directive.
The Directive has been implemented in the UK through the Urban Wastewater 
Treatment Regulations, namely S11994 No.2641 (Bell, 1997).
1.5.3.2 Safe disposal of sewage sludge used on agricultural land
The EU Directive 86/278/EEC on the ‘Protection of the Environment, and in Particular 
of the Soil, when Sewage Sludge is Used in Agriculture’, was first implemented in the UK by the 
Sludge (Use in Agriculture) Regulations 1989. The main objective of the 1986 EC Directive is 
to ensure safe utilisation of sewage sludge. The Regulations aim to lay down initial communal 
measures for the protection of the soil and prevention of disease (Garnett & Matthews, 1996). 
A Code of Practice for Agricultural Use of Sewage Sludge, published by the Department of 
Environment Transport and the Regions (DETR) 1996, provides detailed guidance on the 
application of sludge to land and also recommends a number of additional safeguards. These 
include maximum soil concentration limits for heavy metals, as reviewed in Table 1.8.
The Code of Practice for Agricultural Use of Sewage Sludge also strongly recommends 
that the pH of the soil should be maintained at an appreciable level by liming to sustain 
agricultural productivity and protect soil quality. Most agricultural soils are maintained at a pH 
of between 6.0 and 7.5.
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Table 1.8: Maximum Permissible and Advisable Concentrations of Potentially Toxic
Elements (PTE) in Soil after Application of Sewage Sludge to Agricultural Land
Maximum permissible concentrations of PTE (mg kg-1 dry soil)
pH 5.0-5.5 pH 5.5-6.0 pH 6.0-7.0 pH >7.0
Zinc 200 200 200 300
Copper 80 100 135 200
Nickel 50 60 75 110
For pH 5.0 and above
Cadmium 3
8)
Lead 300
Mercury 1
Chromium 400
Molybdenum 4
Selenium 3
Arsenic 50
Fluoride 500
(Adapted from MAFF, 199
Since conducting this research the 1986 EU Directive on the Use of Sewage Sludge in 
Agriculture has been revised. A working draft of the third revision has been released for 
comment, and the Directive is anticipated to be implemented by the end of 2001. The aim of 
the revision is to safeguard sludge recycling to agricultural land by raising standards and 
boosting public confidence. However, the revised heavy metal limits will now make it harder for 
the water companies to limit their metal output in sludge before the farmer receives the sludge 
to their land. If water companies can not reduce the metal levels at source this will favour 
incineration and landfill disposal - neither of which is deemed 'recycling' under the hierarchy of 
waste management2. The revised 1986 EU Directive Heavy Metal Values for Sludge are 
presented in Table 1.9.
2 The hierarchy of waste management within the EU has recycling predominating, followed by incineration (with 
energy recovery) and disposal (landfill) last, the least attractive option (Davis, 1998).
Table 1.9: Key Changes to the 1986 EU Directive
Metal Heavy Metal Limits in Sludge (mg kg 1, dry matter)
1986 Directive Proposed
(Initial)
Proposed 
(Medium term)
Proposed 
(Long term)
Cd 20-40 10 5 2
Cu 1000-1750 1000 800 600
Hg 16-25 10 5 2
Ni 300-400 300 200 100
Pb 750-1200 750 500 200
Zn 2500-4000 2500 2000 1500
(Adapted from ENDS, 2000)
1.5.3.3 Pollution caused by nitrates from agricultural sources
The EC Directive 91/676/EEC 'Concerning the Protection of Waters Against Pollution 
Caused by Nitrates from Agricultural Sources’, introduces more constraints on the use of 
sewage sludge. The seasonal windows available for application of sludge are fewer and limits 
on total annual nitrogen application are more restrictive than those placed on heavy metals 
(Smith, 1996). The total quantity of nitrogen applied in the form of sludge, animal manure or 
other wastes should not exceed 250 kg I ha per year as recommended in the Water Code 
(MAFF, 1998).
1.5.3.4 Agricultural development and advisory service matrix
The Agricultural Development and Advisory Service (ADAS) Matrix was developed to 
address customer concerns for the sustainable application of sewage sludge to agricultural 
land. The Matrix followed a year of intensive consultation and discussion with the Water 
Industry, British Retail Consortium, Environment Agency, Department of Environment Transport 
and Regions (DETR), Ministry of Agriculture Fisheries and Food (MAFF), National Farmers 
Union (NFU), Country Landowners Association (CLA), food manufacturers and food 
processors. The Matrix, implemented at the end of 1998, looks at the minimum standard for 
sustainable sewage recycling to agricultural land (Hickman, et al., 1999). The ADAS Matrix and 
guidelines consist of a table of crop types together with clear guidance on the minimum 
acceptable level of treatment for any sewage sludge-based product which may be applied to 
that crop or rotation (Hickman, et al., 1999). Important deadlines set by the Matrix included:
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•  31st December 1998 - ban on application of raw or untreated sludges to grazing land, 
and additionally, a ban on grass and maize silage. A ban on the surface spreading of 
digested sludge on grazed grassland.
• 31st December 1999 - ban on all uses of untreated sludge.
The ADAS Matrix requires that the Water Industry is able to demonstrate to the 
retailers that treatment methods are effective and that the standards indicated in the ADAS 
Matrix are being achieved from treatment through to application.
1.5.4 Agricultural Advantages of Using Sewage Sludges
Sewage sludges contain appreciable amounts of nitrogen and phosphorus and have 
significant inorganic fertilizer replacement value for major nutrients. Approximately 20 000 
tonnes of nitrogen and 11 000 tonnes of phosphorus are recycled to farmland each year in the 
UK through the agricultural use of sludge (Smith, 1996). The potassium content may be low, 
and not sufficient to make any significant difference to the recommended quantities of fertilizer 
potassium necessary for most cropping situations. Sewage sludge can also provide sulphur for 
plant growth, and a number of other macro-nutrients (e.g. Mg, Ca, Zn, Cu), however, their 
importance will depend on whether these are deficient in the soil (Smith, 1996).
The way in which a soil will respond to sewage sludge application will largely depend 
on the type and composition of sewage sludge, the application level and method used, soil 
properties and climatic conditions. The addition of sewage sludge into the soil system helps to 
promote the development of chemical reactions (redox reactions, hydrolysis, etc.), physico­
chemical reactions (dissolution, precipitation, adsorption, etc), and microbiological processes 
(microbial multiplication, metabolite production, enzymatic reactions, etc) (Metzger & Yaron,
1987). Sludges containing a large proportion of oil and fat may help in the formation of 
hydrophobic aggregates, which in turn will affect soil physical properties (Metzger & Yaron,
1987). Initially sewage sludge application will affect the water retention characteristics, 
structure, and the movement of water through the soil (Metzger & Yaron, 1987; Towers & 
Horne, 1997). Research by Lindsay & Logan (1998) showed sludge addition to soil had a 
beneficial effect on most physical properties, e.g. bulk density, total porosity, moisture retention, 
water-stable aggregates, and liquid and plastic limits. However, they also found there was no 
effect from sludge addition on particle density, saturated hydraulic conductivity and shrinkage.
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Overall, the application of sludge to soils has a positive conditioning effect on most receiving 
soils.
Compared with non sludge-amended soils, sewage sludge-amended soils exhibit 
(Alloway & Jackson, 1991):
• higher rates of organic matter with variable rates of decomposition;
•  higher concentrations of macronutrients;
•  higher concentrations of micronutrients and non-essential trace metals;
•  changes in soil pH; and,
• changes in the micro-organism activity within the soil.
Of note, sewage sludge must not be applied to agricultural land with a pH below 5.0, 
thus maintaining restrictions on the mobility of heavy metals that may be present in the sludge 
and receiving soil (MAFF, 1998).
The activity of soil micro-organisms is also important in determining the fate of heavy 
metals once in the soil environment. Reduction in the rate of decomposition will cause organic 
matter to accumulate on the soil surface, increasing the number of potential metal binding sites. 
These organic-metal complexes can increase the mobility of many heavy metals.
Nevertheless, climatic conditions, land management practices and the soil type will 
ultimately affect the rate of sludge decomposition and its influence on soil physico-chemical 
properties.
1.5.5 Heavy Metal Problem in Agricultural Sludge-Amended Soils
The main problem that has always been prevalent is the increasing amount of 
inorganic compounds existing in the final sludge. Compounds such as heavy metals and 
radionuclides, if deposited onto agricultural land, can have a wide range of toxic effects to the 
soil-plant-animal system. However, an understanding of the physico-chemical characteristics of 
the metals in the initial effluent, final sludge and the receiving soil, will lead to a better 
understanding of ways to implement remediation technologies successfully. Soils that are 
strongly acidic increase plant uptake of heavy metals, and have also shown to increase the 
potential for phytotoxicity from copper, zinc and nickel (Chaney, 1994).
Petruzelli et al., (1981), assessed the extractability of heavy metals in sludge-amended 
soils and showed that the addition of sludge produced an increased extractability of some 
metals originally contained within the soil. They found that a reduction in pH increased salinity,
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and an increase in bacterial activity led to the decomposition of complexes among heavy 
metals and organic matter, thus causing the increase in the extractability of the heavy metals in 
the sludge-amended soil.
Nevertheless, sewage sludge application can prevent excessive uptake of metals into 
crops for some time, due to the addition of organic matter and, in some soils, to the buffering 
effect on the soil pH. Metals may become more available to plants with time depending on the 
biological and chemical conditions in soil after termination of sludge applications. After the final 
sludge application, the soil will gradually establish a new biochemical equilibrium due to the 
decomposition of sludge-added organic matter, and, in many cases, acidification of the soil 
(Hooda et al., 1997). As a result, the plant availability of heavy metals may change after the 
biodégradation of sludge-amended soils.
The behaviour of heavy metals within sludge-amended soils, and uptake to food crops, 
will ultimately depend on the following (Alloway & Jackson, 1991);
•  concentration of heavy metals present in the sludge;
• relative contribution of heavy metals in sewage sludges to the total soil burden;
• concentrations of heavy metals in sludge-amended soils, and their bioavailability to 
crops;
• effect of soil properties on the bioavailability of heavy metals and their modification 
by sludge amendment;
•  changes in bioavailability during the residual time;
• difference between crop species and cultivars in their uptake and accumulation of 
heavy metals in edible parts; and,
• movement of heavy metals in the soil profile and the potential risk of groundwater 
pollution.
The ranges of normal and potentially toxic concentrations of heavy metals in mature 
leaf tissue for various plant species are listed in Table 1.10.
The regulations adopted for use of sludge on agricultural land have been developed to 
avoid damage to crop yields from elevated concentrations of these heavy metals from sludge- 
amended soils.
Sloan et al., (1997) assessed the long-term effects of sludge applications on heavy 
metal bioavailability in agricultural soils. Results of their study showed that 15 years after 
sewage sludge applications, the relative bioavailability of sludge-applied heavy metals were Cd
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> > Zn > Ni > Cu > > Cr > Pb. Also, Berti & Jacobs (1996) after evaluating sludge-amended 
soils after a 10-year application period, found that significant quantities of cadmium, nickel and 
zinc resided in the water-soluble, exchangeable and acid-soluble geochemical fractions of the 
soil. These heavy metals were therefore more plant available and susceptible to leaching than 
other soil geochemical fractions.
Table 1.10: Typical Concentration Ranges of Heavy Metals in Plant Leaves (mg kg-1 dry
weight)
Element Deficiency Sufficient or normal Excessive or 
toxic
Tolerable in agricultural 
crops
Zn 10-20 27-150 100-400 300
Cu 2 -5 5-30 20-100 50
Ni NR 0.1-5 10-100 50
Cd NR 0.05 - 0.2 5-30 3
Pb NR 5-10 30-300 10
NR - not reported
(Kabata-Pendias & Pendias, 1992)
In continual sewage sludge applications one would expect the heavy metals found in 
the sludge to remain at or near the soil surface. However, losses due to leaching, agricultural 
practices (tillage), bioturbation (translocation of metals by burrowing animals) and chemical 
interactions within the soil will help to disperse these metals.
1.5.6 Present and Future Disposal Routes for Sewage Sludge
At present the main land-based disposal routes for sewage sludge are through 
recycling to agricultural land, and dewatered sludge and incinerator ash disposal to landfill.
The future of sewage sludge disposal to land will only be assured as long as there is 
constant co-operation from landowners, who need to be able to rely on the sludge to give them 
a safe, beneficial and acceptable fertiliser for their land. After all, it is perception and risk of the 
material which will undoubtedly affect sludge fate in relation to land-based disposal options. 
Future legislation on the safe application of sewage sludge to soils will largely be determined by 
political and environmental concerns.
Table 1.11 shows the United Kingdom sludge production, use and disposal and future 
predictions. This table does not give a reliable prediction for the future of sludge disposal in the 
UK. It does not take into account possible EU waste legislation; assumes there will be no 
changes to the existing controls for sludge disposal route to agriculture, landfill and incineration;
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and has not taken into account technological advances both in wastewater treatment and 
disposal.
Table 1.11: UK Sludge Production, Use & Disposal
Outlet Sludge quantity (tds - tonnes of sludge dry solids)
1990/1* 1996/7 2000/1 2005/6
Agriculture 465,000 520,000 846,000 732,000
Dedicated site 25,000 39,000 37,500 38,000
Sea disposal 
(ceased as from Dec.1998)
334,000 280,000
Incineration 77,000 91,000 262,500 315,000
Landfill 88,000 91,000 63,000 56,000
Land reclamation 64,000 49,000 74,000
Within curtilage (deposited 
on-site within STWs)
50,000 15,000 2,000
Others 68,000 16,000 147,000 252,000
TOTAL 1,107,000 1,116,000 1,407,000 1,467,000
(Gendebien, et al., 1998) *DoE (1993)
Table 1.11 shows very little predicted increase in sludge disposal to dedicated sites 
and land reclamation. However, a large percentage increase in sludge disposal to incineration 
is prominent now and predicted for the future: a larger increase than agriculture (the preferred 
option). Landfill disposal is predicted to decrease mainly due to legislation from the Landfill Tax 
and Landfill Directive, making this disposal route an unsuitable option for the future. Future 
disposal routes as predicted in Table 1.11 concentrate on agriculture, incineration and other 
beneficial uses (horticultural compost, aggregate production and energy recovery through 
gasification) (Gendebien, etal., 1998).
1.5.6.1 Agriculture
This will remain the prime outlet for the disposal of sewage sludges in the future, as it 
provides useful nutrients such as nitrogen and phosphorus, and the addition of organic matter 
make it beneficial to soils. Recycling to agriculture is higher on the 'hierarchy for waste 
management' than most other disposal options and thus fits better with current UK Government
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and European expectations for waste management. However, limits on its application will still 
be governed by the amount of heavy metals, organic contaminants, nitrogen and phosphorus 
that are present in the sewage sludge. Increased technology options such as heat dried pellets 
(which reduce pathogens) will help broaden the sludge market area in fertiliser and soil 
conditioners.
1.5.6.2 Incineration
Incineration is used at present to reduce sewage sludge volume, with the resulting ash 
(-30% of the original dry solids) disposed to landfill (Hall, 1995). This disposal option is 
expected to increase as technological advances allow for the development of energy-efficient 
designs that are able to produce usable heat and power. Member states within the ELI 
anticipate increasing their sludge incineration capacity in the future to cope with the increased 
sludge production from large STWs, and to deal with sludge which was previously disposed of 
to landfill (Hall, 1995). One drawback to incineration is the need to dewater sludge to > 30% 
(dry solids) so that it is autothermic, i.e. capable of combustion without the addition of added 
fuel to the process.
Stringent legislation needs to be put in place to monitor ash disposal and atmospheric 
emissions. However, incineration has its obvious problem, that of air pollution. The release of 
dioxins as a result of incomplete combustion is of some concern, and as such, legislation has 
been placed in order to restrict the amount entering the atmosphere.
Sewage sludge disposed to landfill sites or incinerated must be dealt with as ‘controlled 
waste’, regulated by the Environmental Protection Act 1990.
1.5.6.3 Landfill
At present landfill disposal requires a co-disposal with municipal3 sludge in an 
approximate ratio of 1:10 (Garvey, et al., 1993). This co-disposal option helps to accelerate 
chemical and physical stabilisation of the landfill, and requires full containment with leachate 
collection and treatment (Garvey, et al., 1993). Future disposal of sewage sludge to landfill will 
no longer be a sustainable option, and in some ELI countries it will only be accepted as 
incinerator ash.
3 Municipal waste can be split into 2 main groups - domestic includes paper, plastics, food wastes, ash, 
paints, old medicines, spent oils, and commercial includes paper packaging, timber and plastic 
containers.
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In August 1996 the landfill tax was introduced under the Finance Act 1996 (Bell, 1997), 
coming into force from October 1996. This resulted in the majority of waste (including sewage 
sludge) disposed of in landfill sites being subject to tax. At the start of the taxation a rate of £7 
per tonne was set, which increased to £10 per tonne by 1998. At the March 1999 budget the 
standard rate was given a yearly increase, or 'landfill escalator', of £1 per tonne per year for a 
period of five years - culminating in a rate of £15 per tonne by 2004/5 (Waste Watch, 2001). 
The tax should in effect make waste producers look at alternative options for waste disposal, 
namely recycling, and reduction in the amount of waste produced, achieved through the 
application of new technology.
1.5.6.4 Other options
Sewage sludge composting is another method, which, helps to recycle the nutrients 
and organic matter. Composting applications to a soil helps increase water and nutrient holding 
capacity and increases aeration and drainage of the soil. Fang & Wong (1999) assessed the 
feasibility of co-composting sewage sludge with lime and found liming significantly reduced the 
soluble and extractable metal contents in the final sludge compost. However, the addition of 
lime decreased the bioavailability and mobility of the metals in the composted sludge, but the 
effects when added to the receiving soil may alter due to changes in environmental conditions.
The use of dedicated land for the disposal of sludge is a relatively minor outlet, 
accounting for only 25000 tonnes/annum (Hudson, 1995). Dedicated land is normally situated 
close to the treatment works and receives large quantities of sewage sludge for monofill 
disposal.
Using sludge products as a fertilizer on short rotation forestry has the advantage of 
providing organic matter and nutrients to forests that are often planted on poor soils.
The technique of vermicomposting (using earthworms to breakdown the organic 
wastes) has also been used to help breakdown sewage sludge. Ndegwa & Thompson (2001) 
showed by using a vermicomposting technique with activated sewage sludge, they could 
shorten the stabilisation time needed for composting and significantly improved the quality of 
the end product.
Sewage sludge can also be used for land reclamation and restoration as application 
rates can be much higher than for agricultural soils, since crops are not grown on this type of 
land (Matthews, 1992). However, due care and attention must be exercised to ensure no 
environmental or health hazards result from this use.
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1.6 Remediation of Sludge-amended Soil
Remediation by definition is to render contaminants harmless, prevent the release of 
contamination, reduce the release of contamination and/or remove the contamination. There 
are three main ways to deal with contamination of agricultural fields, either:
• cover the contamination with top soil - allowing enough top soil to cover the rooting 
depth of the new crop;
• in-situ remediation, e.g. phytoremediation (using hyperaccumulative crops to 
absorb the contaminants) or stabilisation methods; and,
• liming - maintain soil pH at or near-neutral.
The best remediation option for agricultural land is obviously one that does not affect 
the natural soil organic content, soil structure, and micro-organism activity. It should also limit 
the leaching of contaminants to groundwater sources.
Two of the above methods will be discussed here in more detail, namely 
phytoremediation and liming.
1.6.1 Phytoremediation
This method uses metal tolerant plants to remove inorganic contaminants, such as 
heavy metals and radionuclides, and allows the degradation of organic contaminants via plant 
uptake of nutrients through their roots. Phytoremediation techniques are significantly slower 
than many physical methods of remediation, and are limited to the depth that the plant roots 
can reach. However, the advantages of using phytoremediation techniques are the smaller 
fraction of toxic waste produced compared to other remediation methods, the ability to recycle 
toxic metals for commercial use, and the use of a 'green' technology. After the plants have 
been allowed to grow for some time, they are harvested and either incinerated or composted to 
recycle the metals (Environmental Protection Agency, 1996). Phytoremediation has been 
used for several years in the treatment of wastewater through the construction of wetlands, 
reed beds and floating-plant systems (Cunningham et al., 1995).
1.6.2 Liming
The addition of carbonates, oxides or hydroxides of calcium and magnesium to 
agricultural soil results in a decrease in soil acidity. Ground limestone is the most common and 
by far the most widely used of all liming materials.
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When applied to an acid soil, all liming materials react with carbon dioxide and water to 
yield the bicarbonate form (Brady, 1990). The calcium and magnesium in the lime replace 
hydrogen and aluminium on the colloidal complex. The adsorption of calcium and magnesium 
ions raises the percentage base saturation of the colloidal complex, and the pH of the soil 
solution increases (Brady, 1990). By raising the pH, to near-neutral, heavy metals are less able 
to be mobilised within the soil and stay adsorbed to the soil colloidal surface. The amount of 
liming material required to affect the pH of the soil is determined by (Brady, 1990):
•  the change in pH required;
• the buffer capacity of the soil;
• the chemical composition of the liming material used (purity of the product); and,
• the fineness of the liming material.
However, the higher the soil pH, the greater the production of acidity due to the 
increased dissociation of carbonic acid, and the fall in pH will be more rapid when adding lime, 
requiring careful consideration before application (Rowell, 1997).
Hsiau & Lo (1998) looked at the leachability and geochemical fractionation of copper in 
lime-treated biosolids and sludge. They found that the lime-treated biosolid shifted part of the 
organically bound copper fraction to the exchangeable and acid-soluble fraction.
1.7 In-Situ Remediation Using Natural Zeolites
This section will look at how researchers have utilised the natural zeolites' ability to 
immobilise pollutants, and in turn use them as a tool in environmental protection and 
remediation.
1.7.1 Origin and Formation of Natural Zeolites
Natural zeolites were first discovered in 1756 by the Swedish mineralogist Freiherr Axel 
Fredrick Cronstedt (Mumpton, 1983a) however, it was not until the late 1950s that researchers 
showed their effectiveness for environmental protection and remediation.
Natural zeolites, or sedimentary zeolites as they are more commonly termed, are 
formed by the reaction of fine-grained volcanic ash (alkaline earth aluminosilicate) with 
pervasive ground, shallow fresh-water, or saline, alkaline lakes. Conditions for formation are 
such that waters receiving the volcanic dust have a high carbonate/bicarbonate content, which 
has gathered to produce a high (alkaline) pH. Once the volcanic ash has been deposited, it 
becomes hydrated, and reacting with the aquatic environment, transforms into micrometre size
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crystals of aluminosilicates (zeolites). This process is thought to occur through a dissolution/re­
precipitation mechanism (Mumpton, 1983a). Deep-sea deposits are known to exist and are 
formed by siliceous shells of small marine organisms (Hawkins, 1983). Marine sediments can 
also contain zeolites, forming from the action of trapped salt solutions on glasses of underwater 
volcanic origin (Dyer, 1988). Zeolites are also known to form from geothermal action on 
existing volcanic ash, e.g. Yellowstone Park (US), Wairakei (New Zealand), and Iceland (Dyer,
1988), and in saline, alkaline soil systems (Hawkins, 1983). Other substances forming zeolites 
under the above conditions include clays, plagioclase (feldspar) and forms of quartz (Dyer,
1988).
Although there are 50 recognised species of natural zeolite within the world, only 8 are 
sufficiently abundant in sedimentary deposits to be of any commercial value (Hawkins, 1983). 
Zeolite formations are generally found at or close to the surface, and being relatively soft, are 
therefore easily retrieved from the ground, with low costs involved. However, natural zeolite 
ores can contain a number of impurities, such as quartz, feldspar, clay minerals 
(montmorillonite, illite, kaolinite, etc.), caolite, cristobalite, gypsum, and untreated volcanic glass 
(Hawkins, 1983).
Clinoptilolite, formed from the many processes mentioned above, can be found in: 
Bulgaria, Denmark, France, United Kingdom, Hungary, Poland, Spain, Soviet Union, Italy, 
Greece, Africa (Angola, Botswana, North-west Africa, South Africa, Tanzania), Asia (Iran, 
Israel, China, Japan, Korea), Australia, New Zealand, South America (Argentina, Chile), and 
North America (Canada, Cuba, Mexico, Guatemala, Panama, West Indies) (Hawkins, 1983).
The production of synthetic zeolites began in the late 1800s for industrial use and they 
are now perhaps more well known as phosphate replacements in laundry detergents. Natural 
zeolites are less expensive than synthetic zeolites and as such are being increasingly used for 
agriculture, aquaculture, agronomy, animal husbandry, energy conservation, wastewater 
treatment and pollution control.
Clinoptilolite is the main natural zeolite used in research today due to the readily 
accessible deposits found worldwide, its stable structure and high selectivity for various cations.
1.7.2 Structural Properties of Natural Zeolites
Zeolites are termed chemically as hydrated aluminosilicates, comprising of hydrogen, 
oxygen, aluminium, and silicon arranged in an interconnecting, open, three-dimensional 
structure. Figure 1.2 shows the cage like structure of the natural zeolite clinoptilolite.
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Figure 1.2: Clinoptilolite Framework Structure
(ZeoponiX, Inc., 1999)
The primary building units of zeolites are [S iO ^ - and [AIO4]5- tetrahedra linked together 
by oxygen atoms. Their crystal structure allows water molecules to be held and removed within 
the channels and cavities within the lattice. These cavities can also contain exchangeable 
cations, in particular potassium, sodium, magnesium, calcium, strontium and barium. The 
cavities and channels that exist within the zeolite framework can constitute as much as 50% of 
the total crystal volume (Passaglia & Galli, 1991), whilst water constitutes as much as 10-20% 
by weight of the natural zeolites (Mumpton, 1983a).
The general empirical formula, which represents the chemical structure of a zeolite, is 
shown below:
Ma/nO . A I2O 2 . xSi02 . yH20
where M represents any alkali or alkaline earth cation, n the valence of the cation, x varies 
between 2 and 10, and y varies between 2 and 7 (Hawkins, 1983), with structural cations 
comprising Si4+, Al3+ and Fe3+, and exchangeable cations K+, Na+ and Ca2+. Breck (1974) gave 
the typical Si:AI ratio for the natural zeolite clinoptilolite as 4.25 - 5.25.
Cations within the zeolite framework are surrounded by water molecules and oxygen 
atoms and in large cavities bonding will occur between framework ions and exchangeable ions 
via aqueous bridges (Tsitsishvili et al., 1992). If there is no suitable site in the structure, or if it 
is already filled, the cations occupy the sites of water molecules upon ion exchange (Tsitsishvili 
et ai, 1992).
1.7.3 Sorption and Ion exchange Properties
Natural zeolites can be compared with clay minerals in nearly every respect. The main 
difference comes from the rigid three-dimensional structure of the natural zeolites, which does
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not allow swelling to occur, either during sorption processes or during ion exchange 
(Townsend, 1984). Both are mineral in origin comprising of the same elements, and exhibit the 
same ability to exchange cations. This is achieved through isomorphous replacement, i.e. in 
clay minerals, replacement of tetravalent silicon (Si4+) by trivalent cations (e.g. Al3+), or divalent 
cations replacing trivalent aluminium. In a natural zeolite the replacement is always of the 
tetravalent framework cation (e.g. silicon, Si4+) by a cation of lower charge (e.g. aluminium, Al3+) 
(Townsend, 1991). This replacement or complete substitution results in an increase in the 
negative charge of the crystal. This process is known as Isomorphous Substitution, i.e. 
permanent negative charge.
The channel dimensions within the tetrahedral framework must be large enough to 
allow the passage of a hydrated cation. The preference for one cation over another will depend 
largely on the electrostatic interactions between the charged framework and the counter ions 
size and valency, the environmental conditions prevailing (pH, temperature, etc.), and larger 
counter ions that are sterically excluded due to the narrow pores of the zeolite (Helfferich, 
1995). Larger cations, e.g. Pb2+, with a low energy of hydration will form the strongest bonds 
when in the zeolite framework. Natural zeolite selectivities for cations are primarily determined 
by lattice forces and steric effects such as sieve action and space requirements (Helfferich, 
1995).
Clinoptilolite selectivity for various heavy metals4 has been extensively studied, 
showing that Cu, Zn, Pb, Co, Mn, Ni and Fe are strongly adsorbed (Blanchard et al., 1984; 
Chelishchev et a i, 1988; Ouki & Kavannagh, 1997; Olin & Bricka, 1998). However, there are 
differences encountered for selectivities due to the very nature of these 'natural' minerals.
Zeolites also have the ability to exclude certain cations depending on their size; i.e. the 
size of the microporous channels and cavities within the zeolite structure can act to ‘sieve’ 
cations. Those cations that are bigger than the internal cavities are excluded from all or part of 
the internal surface of the zeolite, whereas, cations that can ‘fit’ into the internal structure can 
be exchanged or sorbed onto the structure and become part of the zeolite framework. Hence 
natural zeolites are renowned for their ‘molecular sieve’ properties.
The cation exchange capacity (the sum total of exchangeable cations that a zeolite can 
adsorb) is highly dependent on the extent of the negative charges due to isomorphous
4 Please note many authors quote 'metal cations', i.e. the ionic form of the element when discussing selectivity and 
adsorption of these materials. However, in nearly all cases, where the ionic form is mentioned the mode of 
analysis is by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES), Inductively Coupled Plasma 
Mass Spectrometry (ICP-MS) and/or Atomic Absorption Spectrometry (AAS). Using these methods the researcher 
is in effect looking at total elemental content, not ionic forms.
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substitution of Al3+ for Si4+, and is typically between 200-300 cmol (+) kg-1 for natural zeolites 
(Tsadilas, et a i, 1997).
Further, it is fundamental to assess the properties of a natural zeolite in depth, since 
the ion exchange capacities and selectivities will vary depending on the geological origin. Their 
disadvantages are based mainly on the environmental conditions prevailing at the time of 
formation, e.g. the purity of the raw zeolite (quartz, feldspar, clay mineral, calcite, gypsum 
contents), structural defects in the zeolite, channel blocking by fine particulates, nature of the 
cations and exchangeable cations. The presence of calcite in the deposit will provide Ca2+, 
which will affect many of the ion exchange sites in the structure (Mondale et al., 1995). Natural 
zeolites also differ between geological deposits and within the same geological deposits. All 
these differences will undoubtedly have an effect on the chemical and physical properties of 
these minerals.
Regeneration of the natural zeolite enables the continual use of these materials in 
remediation work. To regenerate, the zeolite must be returned back to a homoionic form, e.g. 
using sodium chloride to return the zeolite to a Na-form. Regeneration also produces a waste 
that is smaller in volume, is easier to handle and, in some cases, the pollutants may be 
retrievable.
A detailed explanation of the sorption mechanisms taking place when using natural 
zeolites is explained in Chapter 5.
1.7.4 Environmental Applications of Natural Zeolites
In the late 1950s researchers showed the effectiveness of using natural zeolites for 
environmental protection and remediation, and Breck (1974) performed the first practical 
application using natural zeolites for the purification of water. The use of natural zeolites within 
the environmental sector has increased considerably over the past decade. Natural zeolites 
today are a preferred option for 'low' technology applications. Emphasis has been largely 
placed on using natural zeolites as:
- water softeners;
- drying agents;
- removal of ammonia in waste-water treatment;
- slow release mechanisms for pesticides, fertilisers and nutrients in agricultural 
systems;
- slow release mechanisms for nutrients in animal feed;
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- remediation of contaminated (heavy metals and/or radionuclides) effluents and 
soils.
The main advantages zeolites exhibit for use in environmental protection and 
remediation include plentiful natural resources, inexpensive, excellent cation-exchange 
characteristics and the ability to neutralise odours and acidity. This section will look at specific 
examples of how clinoptilolite has been used within agriculture, agronomy, aquaculture, animal 
husbandry, wastewater treatment, energy conservation and pollution control.
1.7.4.1 Agriculture, agronomy and aquaculture
Applications of natural zeolites within the fields of agronomy, horticulture, and 
zeoponics (cultivation of plants in a synthetic soil consisting of zeolite, vermiculite, and peat), 
have potential uses within developing countries, and even outer space. Clinoptilolite has been 
shown to slow nitrification, reduce nitrate leaching, increase ammonium and potassium 
retention, reduce ammonia volatilisation, and slowly release ammonium, potassium and other 
plant nutrients (Allen & Ming, 1995). Natural zeolites have also been used as soil conditioners, 
i.e. to improve soil physical properties (e.g. increase CEC, and moisture content) and help to 
remediate acidic or contaminated soils.
Research conducted by Ferguson, etal. (1986) showed that clinoptilolite could be used 
as a golf-green amendment to increase both root growth and shoot-clipping phosphorus 
content, in the cultivation of turfgrass. Similar work conducted by MacKown & Tucker (1985) 
and Perrin et a i, (1998) showed that clinoptilolite enhanced the retention of ammoniaand 
reduced the amount of nitrogen leached from a coarse-textured soil.
Work conducted in America, looking at the effect of a zeoponic mixture of clinoptilolite 
and phosphate rock for the growth and nutrient uptake of wheat, showed that the synthetic soil 
could supply the nutrients P, N, K and Ca to the plants through several harvest periods (Allen, 
etal., 1995).
Natural zeolites have also been used successfully to remove ammonia and act as slow 
nutrient release mechanisms for fish nutrition (Mumpton, 1983b). Using the specific sorption 
characteristics of the natural zeolites, they can be used for the production of inexpensive 
aeration oxygen, which would allow more fish to be raised or transported within the same 
volume of water (Mumpton, 1983b).
In plant trials, the additions of natural zeolites were found to decrease acid content, 
suppress moulds and enrich bacterial flora (Tsitsishvili et al., 1992).
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1.7.4.2 Animal husbandry
The addition of clinoptilolite to animal feed has been shown to improve growth and feed 
utilisation (Mumpton & Fishman, 1977), and to reduce the incidence and severity of diarrhoea in 
pigs, cattle, sheep and chickens (Pond, 1995). Clinoptilolite has been shown to reduce 
ammonia toxicity in pigs, sheep, and rats; protect sheep from urea toxicity; reduce tissue 
accretion of lead in pigs; and protect pigs and rats against Cd-induced Fe-deficiency anaemia 
(Pond, 1995).
In the 1960s research began on the use of natural zeolites as additives to animal feeds 
for poultry, cattle and pigs (Tsitsishvili et a i, 1992). Clinoptilolite added to animal and poultry 
fodder showed better digestion, activation of certain organs, increase in body mass and survival 
rate, and a decrease in medical costs for animals treated. This was thought to be due to the 
zeolites' ability to sorb ammonium and other ions (Tsitsishvili et al., 1992).
Natural zeolites can also be used in the treatment of agricultural wastes. Clinoptilolite 
has been proven to capture and immobilise ammonia, effectively reducing odour within cattle 
feed lots and poultry houses, and additionally it can reduce moisture within litter in poultry 
houses (Miner, 1983).
1.7.4.3 Wastewater treatment
Research conducted by Ouki and Kavannagh (1997) using natural zeolites in the 
treatment of mixed metal contaminated effluents, showed through the conditioning of
clinoptilolite (with 2N NaCI), over 90% of heavy metal removal was achieved in the first 15
minutes. The selectivity sequence for clinoptilolite for heavy metals was shown to be Pb > Cu > 
Cd > Zn > Cr > Co > Ni.
Natural zeolites have also been used in many studies for the effective removal of 
ammonia from wastewater (Hlavay et a i, 1975; Klieve & Semmens, 1980; Czaran et al., 1988).
Blanchard et al., (1984) showed waters containing heavy metals such as lead, zinc, 
copper besides ammonium can be treated by filtration on clinoptilolite columns. The order of 
selectivity was given as Pb > NH4 > Cd > Cu > Sr > Zn >Co.
Research by Olin & Bricka (1998) showed the effectiveness of using clinoptilolite to
remove lead, copper and zinc from metal-contaminated water and waste streams. Batch
studies after 15 minutes showed removal rates for lead, copper and zinc to be 99.8%, 99.3% 
and 96.5%, respectively.
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1.7.4.4 Energy conservation
Both natural and synthetic zeolites are used for many industrial processes (Smart & 
Moore, 1992):
- drying agents for refineries and the petrochemical industry;
- drying agents for industrial gases such as H2, N2, 0 2 , Ar, He, CO2 and natural gas;
- drying agents for industrial furnaces such as cracking gas and reformer gas; and,
- purification systems for removal of CO2 from olefin-containing gases, and the 
purification of synthesis gas, removal of CO2 from natural gas, and removal of 
hydrocarbons from air.
1.7.4.5 Pollution control
Research conducted by Weber et al., (1983) on the application of clinoptilolite, from the 
Washakie Basin (Wyoming), to soil amended with municipal sewage sludge, showed the 
effectiveness of the zeolite in reducing the bioavailability of strontium in plants. However, the 
application of clinoptilolite did not significantly affect the amount of heavy metals in the plant. 
This was due to the heavy metals being present in slightly soluble phases, the effect of 
competing soil clays for metal ions, and the ability for the strontium to out-compete the heavy 
metals for exchange sites in the clinoptilolite structure. For all harvests an increase in the 
amount of sodium and a decrease in the amount of strontium in the plant with the addition of 
the clinoptilolite was found.
A ‘Zeolite Immobilisation Experiment’ was conducted on soils affected by caesium 
fallout on Bikini Atoll. The experiments, using a K-rich clinoptilolite, showed caesium uptake by 
plants grown in clinoptilolite amended soil was significantly less than in control and K-treated 
soils (Leppert, 1990). The sodium present in the natural zeolites was preferentially exchanged 
for the caesium from radioactive waste.
The containment of high-level radioactive wastes is of prime concern for the nuclear 
industry, in particular, the use of buffer materials, which are used to retard migration of 
radioactive nuclides once they are buried. Zeolites such as clinoptilolite, bentonite and 
mordenite having a high plasticity, high sorption capacity relative to radionuclides, high thermal 
conductivity, chemical stability and mechanical strength, and as such act as excellent buffer 
materials (Pansini, 1996). Thus by using zeolites as buffer materials one can in theory protect 
against radioactive contamination of the surrounding environment for many years. The natural 
zeolite clinoptilolite has also been used extensively for the removal of radionuclides in low-level
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radioactive effluent, by British Nuclear Fuels Ltd., Sellafield, UK. Once the zeolite has become 
exhausted the contaminated zeolite is compacted and sent for disposal. There is no initial pre­
treatment required and no regeneration of the natural zeolite is attempted after it has become 
exhausted.
After the Chernobyl accident researchers used natural zeolites for a variety of purposes 
(Chelishchev, 1995):
•  removal of radioactive contaminants (e.g. 134Cs, 137Cs) from food products (mainly 
milk);
•  as a barrier against contaminated flood-water, to prevent local water sources from 
being contaminated;
•  remediation of agricultural soils in-situ with natural zeolites. However, there has 
been no further research to look into the long-term effects of these minerals in the 
environment; and,
• added to contaminated feed to reduce levels of contamination in meat.
Natural zeolites, due to their ideal buffering characteristics, have been used as a liner 
material for landfills. Kayabali & Kezer (1998) found using natural zeolites in place of a more 
traditional clay liner in landfills would reduce the thickness of the required liner and reduce 
leachate-based hazards for groundwater contamination.
Work has also been conducted successfully on the use of natural zeolites as soil 
additives to reduce the uptake of mercury by the plants alfalfa and ryegrass (Haidouti, 1997). 
Clinoptilolite displays a strong affinity for caesium, lead and cadmium, and once exchanged 
onto the zeolite, these heavy metals are difficult to remove (Leppert, 1990).
Natural zeolites are also being tested with composted anaerobically digested sewage 
sludge to reduce the amount of heavy metals available for plant uptake. Research by Zorpas et 
al., (1999) showed by using the natural zeolite clinoptilolite (25-30% w/w), and composting with 
anaerobically digested sewage sludge, the zeolite could sorb 28-45% Cu, 10-15% Cr, 41-47% 
Fe, 100% Cd, 9-24% Mn, 50-55% Ni and Pb, and 40-46% Zn. Also, Zorpas et al., (2000) found 
through geochemical fractionation that the clinoptilolite in the composted dewatered biosolids 
readily sorbed the metal content in the exchangeable and carbonate fractions.
Campbell & Davies (1997) looked at experimental investigation of plant uptake of 
caesium from soils amended with clinoptilolite and calcium carbonate. After comprehensive 
greenhouse trials they found caesium immobilisation in soils with the release of sodium and 
potassium from the zeolite. One important note in their research was that the sodium from the
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clinoptilolite was released into the soil solution. Therefore sodium from the zeolite would readily 
join the nutrient pool, ultimately to be absorbed by plants. At what point therefore, would the 
sodium release become significant to cause a toxic problem to plants and grazing cattle, since 
sodium is a non-essential element for plants but is readily absorbed?
Apart from the possible sodium toxicity problem, there is also the possibility of mobile 
zinc in soils being markedly decreased with the application of clinoptilolite (Campbell & Davies, 
1997).
1.8 Summary
Not only is there a problem with treating sewage sludge to meet strict environmental 
guidelines, but there is also the need to be able to remediate the soils that have been affected 
by sludge and/or other anthropogenic activities. The impact of long-term application of sludge 
differs between agricultural fields due to the very nature and behaviour of the soil and the land 
use. The water companies welcome technologies that offer an in-situ method of immobilising 
heavy metals within the sludge before application, or in the soil/sludge after application.
Natural zeolites can provide an in-situ remediation option, and will immobilise heavy 
metals and radionuclides from contaminated soils. However, the remediated soil may need 
considerable after-care before it is 'fit-for-purpose'. The long-term effect these minerals have 
on the environment is largely unknown. The many studies that have been conducted over the 
years seem to be based quite heavily on laboratory experiments. The majority of field trials 
conducted in the Belarus region of the Soviet Union, affected by the Chernobyl accident, have 
never been fully investigated.
More work is needed to assess the full impact of these minerals as the environment 
changes, whether they are in soils, sediments, water or the air.
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2.1 Introduction
This chapter outlines the analytical protocols and instrumentation used throughout this 
research. The techniques employed for sample collection and preparation are presented, 
together with a detailed explanation of all analytical instrumentation used. Finally, an outline of 
the statistical methodology used can be found in Appendix A.
2.2 Sampling Strategy
One of the main problems when analysing for heavy metals in soil, sewage sludge, 
vegetation and natural zeolites is to define a sampling strategy that will give data which is 
representative of the media under investigation.
2.2.1 Soil
Soil samples are either taken from the surface 'topsoil' layer (typically 0 -10 cm) or 
from greater depths. The methods of sampling may vary but generally they make use of two 
basic techniques. Samples can either be collected with some form of core sampling or auger 
device, or they may be collected by use of excavations (soil pits) or trenches. Tools used in 
sample collection are made from plastic or Teflon-coated to prevent contamination of the 
samples by metals used in construction of the sampler (Kebbekus & Mitra, 1998). When 
assessing a large site (e.g. sports field, parks, agricultural field), depending on the aim of the 
sampling, samples may be collected randomly throughout the whole site and bulked to form a 
composite sample.
The most common method used to obtain a composite sample is to trace a W  pattern 
over the majority of the site. Samples are collected along various points of the W  sampling 
area, and bulked to form one composite sample. This technique offers the advantage of being 
quick to implement and reduces the over-sampling of an area with many sub-samples (a 
practice resulting in extra sample preparation and analysis time, and data which may be 
statistically difficult to interpret). However, if there was a site with 'hot-spot' contamination the 
W  traverse could miss this area, or conversely the whole sample would become contaminated. 
The bulked or composite sample may give a satisfactory mean value for the soil but it conceals 
any site variability.
The second most common method for soil sampling in large areas is the stratified grid 
method, in which a grid pattern is laid out in the field and individual samples are taken along 
designated points along the grid pattern. By taking regular samples along the stratified pattern
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there is more chance of achieving a reliable measure of what is representative in the field. 
Stratified sampling is a very time consuming strategy but allows the identification and spread of 
'hot-spot' contamination to be assessed, without the problems of bulk sampling.
When choosing a 'background' site or non-contaminated (control), one must consider 
the ecological, geological, geomorphological and climatic differences between these sites and 
the test area being sampled. The surrounding environment in which they are based will affect 
background samples.
Evaluation of the significance of the heavy metal contamination between sites must 
also take into account the variations in local topography, vegetation cover, species number and 
density, soil type and chemistry, wind directions, past and present weather conditions.
The amount or number of samples collected depends on the cost of sample collection, 
cost of analysis, limitations imposed by the lack of available laboratory capacity to handle the 
analyses, time constraints and the requirements of the study in question.
2.2.1.1 Soil and commercial peat collection
The identification of sludge-amended sites, that had exceeded the metal limits set 
down by MAFF (1998), were obtained from a database held by Perryoaks, Thames Water 
Utilities, Heathrow. Two farms were selected in June 1999, and after careful consideration and 
consultation with the landowners a farm near to Gatwick airport was chosen, code 'RF'. The 
sludge-amended field at this farm had a 10 years sludge ban due to the metal limits at this site 
being either equal to or above some of the metal limit values set by the 'Code of Practice for 
Agricultural Use of Sewage Sludge' (MAFF, 1998).
A W  traverse was taken to cover the majority of the sludge-amended field, with topsoil 
(0-10 cm) samples collected along the traverse. Approximately 25 kg (fresh weight) of topsoil 
was collected personally from this field and contained within 5 kg sealed plastic buckets for 
transportation to the laboratory.
Topsoil samples (of the same specifications listed above) were also collected from a 
'background' field (no sludge application) situated on the farm. This site was chosen to be the 
closest in terms of its geology, soil and climatic characteristics to the sludge-amended field over 
the whole farm area. Samples were collected as above using the W  traverse technique.
The following codes were used to identify the soil types, namely sludge-amended soil 
(RFC) and non-sludge amended soil (RFU).
Soil taken from each pot from the greenhouse trials was transferred into labelled wax 
paper bags for transportation to the laboratory.
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The commercial peat used in the greenhouse trials was obtained from a local B&Q 
Superstore. Two 25 kg (fresh weight) bags of B&Q own commercial peat were used. Bags 
were obtained one week prior to starting the greenhouse trials and were stored, sealed, in the 
laboratory until required. A homogenised 1 kg sub-sample was stored at 4°C in a 2.5 kg sealed 
plastic bucket ready for laboratory analysis. The following code was used to identify the 
commercial peat - CP.
2.2.2 Sewage Sludge5
When collecting sewage sludge one needs to be aware of the inherent variability that 
may exist with the physico-chemical and biological nature of the sludge. This will depend on 
the amount and type of wastewater that is entering the sewage treatment works (STWs), the 
sewage treatment process, and the type and reliability of the wastewater treatment processes. 
Of special importance is the Health and Safety Guidelines that must be adhered to when 
working with wastewater treatment by-products, i.e. guidelines exist for the safe handling of 
sewage sludge and are administered by the respective authorities who treat the wastewater.
2.2.2.1 Sewage sludge collection
Anaerobically digested dewatered sludge (ADDS) was the preferred media to use in 
this research, mainly due to health and safety technicalities - with laboratory modifications, 
ADDS was deemed the best suited sludge to use with regard to personal and laboratory safety.
The anaerobically digested sludge cake (ADDS) was collected personally from 
Sandford STW, Oxford in July 1999. Approximately 20 kg (fresh weight) was collected using 
the technique of 'grab' sampling, where random 1 kg (fresh weight) samples were taken from 
fresh cake coming off the belt press, and cake that had been left in the open air to dry from that 
day. Samples were collected and stored in 5 kg sealed plastic buckets for transportation to the 
laboratory.
The code 'ADDS - OX' was used to identify the anaerobically digested dewatered
sludge.
2.2.3 Vegetation
The sampling of vegetation will depend largely on the type and nature of the study one 
is conducting, i.e. greenhouse or field investigation. Although field investigations will give the
5 Also known as ’biosolids' or 'wastewater biosolids'.
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researcher an idea of how vegetation species respond with their local environment, the inherent 
variability within species and field conditions (e.g. local changes in moisture content, 
temperature, light intensity, soil texture, soil structure, and geology) can lead to complex 
interpretations. The advantages of greenhouse studies are (Rowell, 1997):
•  easily organised and require less time for preparation;
•  limited soil variability since the soils are mixed before use;
•  all pots are placed in a similar environment;
•  water regimes and leaching can be controlled;
• the whole plant and its roots can be harvested; and,
• nutrient addition can be given equally over the whole study.
However, greenhouse studies do have disadvantages:
• the roots are grown in a confined volume;
•  water-logging may occur if the watering regime is not properly maintained;
• any competition between plants is not shown in greenhouse conditions; and,
• low light intensity may affect some plants.
2.2.3.1 Vegetation collection
Details of the specific trials undertaken in the greenhouse study can be found in 
Chapter 6. The two forage crops used for this study were perennial ryegrass (Lolium perenne 
napoleon) and white clover (Trifolium repens).
Plant material was first cut after 5 weeks from seed addition, with the second cutting 
after a further 5 weeks growth, and the final cutting and removal of root and soil material 
undertaken a further 5 weeks from the second cutting. It should be stressed that plastic gloves 
were worn throughout the procedures to minimise any risk of post-harvest contamination of the 
samples.
Each harvest of ryegrass and clover was cut to within 1 cm of the soil surface, thus 
maintaining a representative harvesting method throughout. Harvested samples were placed in 
labelled waxed paper bags until transported to the laboratory. For the collection of root 
samples at the end of the 15 week growth period, each soil pot was returned to the laboratory 
after the last harvest. Roots from each pot were carefully removed by hand and soil particles 
were gently washed from the roots using a fresh 1 litre volume of double-distilled deionised
44
water (DDW - having a resistivity of 18 MO cm-1). Washed roots were placed into labelled wax 
paper bags.
2.2.4 Natural Zeolites
Natural zeolites are formed through natural geological processes. As a result there 
may be changes in the physical and chemical state of these minerals, even from the same 
geological source (Hawkins, 1983; Mumpton, 1983a; Mondale eta l., 1995). Therefore, when 
analysing natural zeolites one must ensure that the sample is completely homogenised to 
minimise the effects of these problems (as outlined in section 1.6.3).
2.2.4.1 Natural zeolite collection
The natural zeolite clinoptilolite used in this research was provided by the British 
Zeolite Company (BZc), West Sussex, UK. A 50 kg (fresh weight) bag of clinoptilolite (brand 
name Zeoclere 30) of < 2 mm grain size was obtained directly from South Africa in July 1999. 
The clinoptilolite was homogenised and stored in labelled 5 kg sealed plastic buckets at 
ambient air temperature(22 - 25°C) ready for analysis.
2.2.5 Field Characteristics
Although subjective, the analysis of samples in the field gives the researcher a first 
impression of the conditions of the media one is testing. Typical field characteristics for soil 
include soil texture and pH. In this research field characteristics were conducted on-site for soil 
samples using the following methods:
•  Soil Texture - Figure 2.0 shows the flow chart that was used to classify soil texture for the 
field research soils. This was undertaken on-site, in triplicate, on fresh field soil.
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Figure 2.0 Soil Hand Texturing Key
1. Moisten the soil with water.
2. Can it be rolled into a ball easily?
hjlo
Sand
Ye
?
Other Soils:-
3. Can it be rolled into a cylinder of 5 mm diameter? 
I------
No
Loamy Sand
Silty Loams 
Clay Loams
Clays
I
Yes
I
Loams & Clays
4. Can it be rolled into a thin thread?
I------------1
No Yes 
I I
Sandy Loam Silt Loams. Clay Loams & days
5. Can the thread be formed into a horseshoe shape 
without cracking?
tjlo
Silt Loam*
Yep
Clay Loams & days
6. Can the horseshoe be formed into a ring 
without cracking?
I------------1
No
I
Yes
I
Clay Loams** days***
Feels smooth and pasty - Silty Loam 
Feels rough and abrasive - Sandy Silt Loam 
Feels gritty - Sandy Clay Loam 
Feels moderately rough - Clay Loam 
Feels like dough - Silty Clay Loam 
Feels gritty - Sandy Clay 
Feels moderately or very sticky - Silty Clay
(Trudgill, 1989)
Soil pH - using a 'RAPITEST pHNPK' soil test kit provided by Fisher Scientific, 
Leicestershire, UK. The determination of pH was conducted in triplicate following the 
manufacturers procedures contained within the test kit.
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2.3 Media Preparation and Analytical Methodology
All analytical methods for fresh and dried soil, anaerobically digested dewatered 
sludge, vegetation and zeolite will be discussed further in the following section. All the results 
obtained in section 2.2.5 and this section will be discussed in Chapter 3.
All chemical reagents used within this study were of AnalaR™ or Aristar™ grade to 
minimise sample contamination, and were supplied by BDH Laboratories, Poole, UK.
2.3.1 Soil Preparation and Analytical Methods
To produce a representative working sample of the soil (normally 500 g of sieved air 
dry soil (Ward, 1997)) the following method was adopted:
•  the fresh field and greenhouse potted soil was air-dried at 30°C for 12 hours;
•  the air-dried soil then sieved using a 2 mm size polythene sieve;
•  the < 2mm sieved air-dried soil then 'coned and quartered'6 until a reasonably 
sized reduced sample was obtained - approximately 500 g (dry weight); and,
• the representative working sample and the resulting air-dried field soil was then 
transferred into clean, sealed, labelled containers at 4°C, ready for further analysis.
A subsequent fresh sample of approximately 500 g (fresh weight) was taken from the 
field soils for the determination of pH, moisture and organic matter content. The fresh weight 
samples were stored in clean, sealed, labelled plastic containers at 4°C, ready for further 
analysis. The > 2mm fraction air-dried soil was retained and stored in clean sealed plastic 
containers at 4°C until required for the greenhouse trials.
Soil from each pot trial, from the greenhouse study, was air-dried and sieved as 
mentioned above. The acid extractable heavy metals (using hot-plate digestion) and major 
element content was undertaken for each pot trial soil and is outlined in the following section.
The following analytical methodologies will be given in more detail, namely pH, 
moisture content, organic matter content, cation exchange capacity, anion determination, total 
elemental oxides and heavy metals, acid extractable heavy metals (using both microwave and 
hot-plate digestion) and major element content (e.g. Na, Ca, Mg and K), and geochemical
6 Sample is poured into a coned shape heap, divided into 4 equal parts with two opposite quarters combined and 
re-coned. The process is repeated until the amount of sample is reduced to that required (Ward, 1997).
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fractionation. All methods were undertaken either singly or in duplicate, and where 
appropriate, with the corresponding matrix-related certified reference materials.
2.3.1.1 pH, moisture and organic matter content
pH
(Rowell, 1997)
10.00 g ± 0.05g 
(fresh or air-dried)
moisture content 
(Allen, 1989)
5.00 g ± 0.05g 
(fresh)
organic matter content 
(Allen, 1989)
5.00 g ± 0,05 g 
(oven-dried)
i i
25 ml double-distilled 
deionised water 
*
stir suspension and 
record pH after 5 mins
oven dry at 105°C 
for 12 hours
I
re-weigh after drying 
Calculation 1
ignite at 500°C 
for 12 hours
I
re-weigh after ignition 
Calculation 2
Calculation 1 - % Moisture content =
[ (oven-dried weight - fresh weight) I (oven-dried weight) ] x 100 
Calculation 2 - % organic matter content (loss-on-ignition) =
[ (weight of oven-dried soil - weight of ignited soil) I weight of oven-dried soil ] x 100
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2.3.1.2 Cation exchange capacity (CEC)
Cation exchange capacity 
Sodium-acetate method (Jackson, 1958; Rowell, 1997)
4.00 g ± 0.05 g (oven-dried)
33 ml of 1 lif sodium acetate 
shake for 10 mins
centrifuge at 3000 rpm for|l5 mins and decant supernatant
treat with 3 additional 33 ml aliquots of sodium acetate 
discarding the supernatant after each addition
suspend sample in 30 ml of methanol 
shake for 5 mins
centrifuge at 3000 rpm for ^ 5 mins and discard supernatant 
repeat twice
add 33 ml neutral 1 M ammonium acetate 
shake^or 10 mins
centrifuge at 3000 rpm for 15 mins and decant supernatant into 100ml flask 
repeat twice and make to 100 ml with distilled water
determine sodium content in sample solutions, reagent and preparation blanks
Flame Atomic Absorption Spectrometry (FAAS)
2.3.1.3 Anion content (leaching experiments)
1.00 g ± 0.05 g (air-dried)
adjust to pH 5 adjust to pH 7
(using 1% nitric acid or 1% sodium hydroxide)
100 ml double-distilled deionised water 
shaken for 24 hours
I
centrifuge at 3000 rpm for 15 mins 
analyse sample supernatant and preparation blank for anions
i
Ion Chromatography (IC)
2.3.1.4 Total elemental oxides and heavy metals
10.00 g ± 0.05 g (oven-dried)
j
finely crush sample < 50 
X-ray Fluorescence (XRF)
2.3.1.5 Acid extractable heavy metals and major elements
Microwave digestion 
0.30 g ± 0.01 g (oven-dried)
l
5 ml concentrated nitric acid 
1 ml 30% hydrogen peroxide
microwave - 400W 6 min 
900W10 min 
leave for 15 min
Hot-plate digestion
1.00 g ± 0.05 g (oven-dried) 
(CRM* 0.50 g ±0.01 g)
ignite at 450-500°C for 12 hours
5 ml concentrated nitric acid 
2 -3  ml 30% hydrogen peroxide
digest in water-bath on hot-plate 
at 100°C until near dryness
dilute using 1% nitric acid
i
centrifuge at 3000 rpm for 15 mins 
analyse samples, blanks and CRMs
heavy metal analysis only
Inductively Coupled Plasma 
Mass Spectrometry (ICP-MS) 
(Cd, Cu, Ni, Pb, Zn)
heavy metals and major elements
FAAS (Ca, Na, Mg, Cd, Cu, Ni, Pb, 
and Zn)
Flame Photometry (K only)
*CRM - Certified reference materials used in the microwave digestion and hot-plate method include 
GBW 07401 Chinese soil, NIST (National Institute of Standards & Technology) CRM 2781 Domestic 
sludge, BCR (Community Bureau of Reference) CRM 145R Trace Elements in a Sewage Sludge and 
BCR CRM 281 Trace Elements in Rye Grass.
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2.3.1.6 Geochemical fractionation (sequential extraction)
BCR 3-step sequential extraction method 
(Rauret et a/., 1999)
1.00 g ± 0.05 g (air-dried)
i
S tep l
40 ml of 0.11 M acetic acid
shake for 12 hours
centrifuge at 3000 rpm for 20 mins
Step 2
40 ml of 0.5 M hydroxylammonium chloride
shake for 12 hours __
centrifuge at 3000 rpm for 20 mins
Step 3
10 ml of 30% hydrogen peroxide
cover loosely, digest at room temperature for 1 hour
digest for 1 hour at 85°C and reduce volume to 3 ml
add 10 ml of 30% hydrogen peroxide
cover loosely, digest for 1 hour
uncover, digest until volume ~ 1 ml
add 50 ml of 1.0 M ammonium acetate
shake for 12 hours
centrifuge at 3000 rpm for 20 mins
wash residue with 20 ml DDW 
shake for 15 mins 
centrifuge at 3000 rpm for 20 mins 
discard supernatant
Analyse sample supernatants, reagent and preparation blanks 
ICP-MS (Cd,Cu, Ni, Pb.Zn)
The certified reference material used in the above study was BCR 601 Extractable 
Trace Metals in Lake Sediment (sequential extraction).
2.3.2 Sewage Sludge Analytical Methods
Sewage sludge collected as 'dewatered cake', can be treated in the same way as soil. 
However, having a higher moisture content than soil requires the samples to be air-dried for 
longer periods e.g. 30°C for 48 hours. Air-dried samples can be homogenised using the 'cone
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and quarter' method mentioned in section 2.3.1, sieved using a 2 mm sieve, and stored at 4°C 
in sealed plastic containers at 4°C ready for further analysis. The anaerobically digested 
dewatered sludge cake collected for this research was treated as follows:
• air-dried for 48 hours - a 500 g fresh sample was used for the determination of pH, 
total solids and organic matter content;
• sieved using a 2 mm sieve;
•  sieved sludge cake coned and quartered to obtain a 500 g working sample; and,
• sieved sludge cake transferred into clean, sealed plastic containers and kept at 
4°C until required.
2.3.2.1 pH, total dry solids and organic matter content
The determination of pH for both fresh and air-dried ADDS, and organic matter content 
of the oven-dried ADDS, followed the same procedure as in section 2.3.1.1.
In soil analysis the moisture content of the soil is conducted by calculating the loss in 
weight due to water, whereas, for the ADDS the normal method adopted is to quote the total 
dry solids content, i.e. the percentage of solid left after drying (Standing Committee of Analysts, 
1984). The method used for the determination of total dry solids is highlighted below.
Total dry solids content 
(Standing Committee of Analysts, 1984)
10.0(h) ±0.05 g 
(fresh weight)
i
oven dry at 1^5°C for 12 hours 
re-weigh after drying
I
Calculation 3
Calculation 3 - % Total solids content =
[ (oven-dried weight I fresh weight) ] x 100
The methods adopted for CEC, anion content, total elemental oxides and heavy 
metals, acid extractable heavy metals and major elements and geochemical fractionation are 
the same as those mentioned in section 2.3.1 'Soil Preparation and Analytical Methods'.
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2.3.3 Vegetation Analytical Methods
After harvesting, samples can be air-dried at 70°C for 12 hours (Ward, 1997), ground 
or cut into smaller size fractions, and stored in wax paper bags in sealed containers to prevent 
moisture addition (Rowell, 1997; Ward, 1997).
All harvested vegetation samples (plant tops and roots) were used for the 
determination of moisture (plant tops only) and dry matter content (plant tops and roots). 
Before the determination of acid extractable metals and major elements (e.g. Na, Ca, Mg and 
K) was conducted, all harvested material was finely cut to within 2 - 5 mm. All cut, harvested 
samples were stored in waxed paper bags in sealed containers ready for analysis. The 
methods adopted for vegetation material are highlighted in the following section.
2.3.3.1 Moisture content of plant tops and total dry matter content
Once returned to the laboratory, the harvested material was immediately weighed and 
the moisture content determined at 70°C following the method mentioned in section 2.3.1.1. 
Root material was separated from the soil and washed in deionised water to remove all soil 
particulates before drying at 70°C. The total dry matter content was given as the total weight of 
the harvested material after drying at 70°C. Root dry matter was also quoted as the total 
weight of the roots after drying for 12 hours at 70°C.
2.3.5.2 Acid extractable metals and major elements
All harvested plant tops and roots from each pot trial from the greenhouse study were 
analysed for acid extractable metals and major elements (e.g. Na, Ca, Mg and K) using the 
following method.
1.00 g ±0.05 g 
(dried plant tops and roots) 
t
ignite at 450 - 500°C for 12 hours
digest on a hot-plate with 5 ml concentrated nitric acid and 2 - 3 ml of 30% hydrogen peroxide
to near dryness 
t
dilute using 1% nitric acid to 25 ml 
t
Analyse sample, preparation blank and reagent blank 
t
FAAS (Cd, Cu, Ni, Pb, Zn, Na, Ca, Mg)
Flame Photometry (K only)
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2.3.4 Zeolite Analytical Methods
The analytical methods adopted for the effect of pH, contact time and metal 
concentration on the zeolites will be discussed in more depth in Chapter 5.
The methods adopted for CEC, anion content, total elemental oxides and heavy 
metals, acid extractable heavy metals and major elements are the same as those mentioned in 
section 2.3.1 'Soil Preparation and Analytical Methods'. Scanning Electron Microscopy (SEM) 
and X-ray Diffraction (XRD) were used to determine the zeolites crystalline form and structure. 
Samples were analysed 'as received' for both instruments.
2.4 Instrumentation
There is a wide range of techniques used for the analysis of heavy metals in soil, 
sewage sludge, vegetation and zeolites. Some techniques offer the advantage of being non­
destructive, and thus reduce loss of analyte during preparation steps, whilst some require the 
sample to be physically and/or chemically broken down, so as to produce a solution for 
introduction into the instrument. This section will look at the techniques used for the physical 
and chemical characterisation of all samples used in this research. The methods comprise of 
Flame Atomic Absorption Spectrometry (FAAS), Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS), X-ray Fluorescence (XRF), Ion Chromatography (IC), Flame 
Photometry, X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM).
2.4.1 Flame Atomic Absorption Spectrometry (FAAS)
Flame Atomic Absorption Spectrometry (FAAS) is the principle method for determining 
the levels of heavy metals in environmental samples. The technique has many advantages and 
disadvantages. It requires little sample preparation, has good sensitivity, reproducibility, 
accuracy and is relatively inexpensive to use. However, it does not allow for simultaneous or 
segmental multi-element analysis. Instead, samples have to be run for one element only, 
before the instrumentation is changed to measure/quantify another element; thereby being both 
time consuming and requiring sufficient original sample volume for analysis (typically ~ 5 ml).
FAAS involves the absorption of radiation of a characteristic wavelength by atoms, 
which are not excited, i.e. the electrons of that atom are in the ground-state. Radiation of a 
characteristic wavelength (produced by a cathode lamp) is passed through the flame, the 
sample is aspirated, and the decrease in radiation intensity is measured. The decrease in
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intensity, i.e. the amount of radiation absorbed, is proportional to the concentration of that 
element in the sample (Lambert-Beer law) (Vandecasteele & Block, 1994):
I  = Io e kbc Equation 2.0
where, l 0 = intensity of the incident radiation of frequency v;
/=  intensity of the incident radiation after absorption; 
k -  absorption coefficient;
b = pathlength of the radiation through the vapour; and, 
c = concentration of the absorbing analyte.
For analytical purposes the absorbance A can be referred to as (Haines, 1997):
A = l o g ( I 0/ I )  = abc Equation 2.1
where, a = the molar absorptivity of the sample at this wavelength.
The absorbance is thus proportional to the concentration (Vandecasteele & Block, 1994).
There are four main components to a spectrometer, the radiation source, burner, 
monochromator and the detection (photomultiplier) system (Figure 2.1).
Figure 2.1: Simplified Representation of FAAS Instrumentation
Photomultiplier/Sample introduced Wavelength SelectorHollow cathode
lamp via nebuliser into (Monochromator) Detector
flame
(Kebbekus & Mitra, 1998)
The most common radiation source used in AAS is the hollow cathode lamp, filled with 
an inert gas such as neon or argon, and the cathode being made from the element being 
investigated. Hence, the lamp produces radiation characteristic of the element being 
determined. There are two main fuel systems that can be used to produce the flame, either
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air/acetylene or nitrous oxide/acetylene. These flames can generate temperatures in the 
ranges of 2100 - 2400 and 2600 - 2800°C (De Mora, 1989). The monochromator, or 
wavelength selector, is set up to the correct wavelength for elemental measurement. Finally, 
the amount of radiation absorbed is measured using a photomultiplier tube, which responds to 
the incident emission of releasing electrons from its cathode (Alloway & Ayres, 1997). The 
current produced is used to activate a recorder either through an ammeter or as a visual 
readout, as displayed in most modern instruments.
2.4.1.1 Possible interferences encountered using FAAS for environmental 
analysis
Interferences can be encountered depending on the chemical, physical and spectral 
conditions of the sample and the type of analyte one is analysing. Examples of the main types 
of interferences are discussed below:
• Chemical interferences - the generation of metal oxides in the flame do not readily 
decompose into atoms and thus a higher flame temperature or flame low in oxygen must be 
used. The substitution of nitrous oxide for air can eliminate oxide formation (Varma, 1986). 
Chemical interferences occur when chemical processes change the absorbance 
characteristics of the analyte during atomisation (Kebbekus & Mitra, 1998). One of the 
most important chemical interferences is with calcium in the presence of sulphate and 
phosphate. Here the calcium absorbance can be suppressed due to the formation of 
sulphate and phosphate species, which do not vaporise in the flame. Magnesium can also 
be suppressed due to the presence of aluminium, silicon, titanium, zirconium and 
phosphorus. For both magnesium and calcium analysis a releasing agent must be used, 
e.g. strontium or lanthanum solution which binds to the affecting species and stops them 
from recombining with either magnesium or calcium (Varma, 1986).
• Physicai interferences - physical processes that can affect the free atom population of an 
analyte in the optical pathway give rise to physical interferences (De Mora, 1989). Liquid 
samples are aspirated into the flame, and thus the viscosity of the solution can affect 
aspiration rates (De Mora, 1989). To minimise these effects one must ensure that both 
standard and sample are prepared in the same solvent, i.e. matrix-matched.
•  Spectrai interferences - can occur when two species have overlapping wavelengths of 
absorbance, e.g. Cu at 213.859 nm and Zn at 213.856 nm. In order to minimise the effect
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of overlapping, another wavelength should be used, e.g. Cu at 217.894 nm (Alloway & 
Ayres, 1997).
•  Non-specific interferences - this type of interference is commonly called non-atomic 
absorption, broad-band absorption or background absorption (De Mora, 1989). 
Interferences can arise from the absorption of incident light arising from outside the analyte 
solution. Correction can easily be made by means of background correction using a 
Deuterium lamp, Zeeman or Smith-Hieftje correction (Fifield, 1997).
2.4.1.2 FAAS operating conditions
The instrument used for analysis in this research was a Perkin Elmer 5000 spectrometer, 
based in the Department of Chemistry, University of Surrey.
The instrument was calibrated using standards containing 0, 0.1,1, 2.5, 5, 7.5 and 10 
mg/l for Ni, Cu, Cd, Pb and Zn; 0, 0.1, 0.5,1, 2 and 5 mg/l for Mg and Na; and 0, 0.5,1,2,3, 
10,15 and 20 mg/l for Ca. All standards were prepared by the dilution of 10, 000 mg/l stock 
standards (Aristar™, BDH Laboratory Supplies, Poole, UK) using 1% nitric acid (Aristar™ 
grade, BDH).
Table 2.0 shows the typical wavelengths (X), sensitivity, detection limit and optimum 
range for the elements determined in this research.
Table 2.0: Typical Working Conditions for FAAS, University of Surrey
Element X(nm) Slit width 
(nm)
Sensitivity
(mg/l)
Detection limit 
(nm)
Optimum range 
(mg/l)
Cu 324.7 0.7 0.03-0.07 0.002 5
Zn 213.9 0.7 0.01 0.002 1
Cd 228.8 0.7 0.01 0.002 2
Pb 217.0 0.7
■'d-oo 0.03 20
Ni 232.0 0.2 0.06-0.14 0.008 7
Na 589.0 0.4 0.001 0.0005 0.1-1
Ca 285.2 0.7 0.01 0.002 5
Mg 422.7 0.7 0.003-0.008 0.0003 0.5
Adapted from Varma (1986]
The detection limits quoted by Varma (1986) are those adopted by Perkin Elmer for this 
instrument. In reality the FAAS uses a blank solution (1% nitric acid solution) to allow 
automatic correction by the instrument - zero correction. The instrument was only blank 
corrected before running the standard samples, and monitored throughout the analysis run. If
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the blank correction increased or decreased (i.e. ± 3) the machine was blank corrected and 
standards run again to obtain calibration data before sample analysis could continue.
2.4.1.3 Calibration curves
Calibration curves were produced by means of an Excel™ spreadsheet, using the 
standard element intensity values obtained by the instrument plotted against the actual 
elemental value (mg/l). The resultant curves were used to determine the amount of analyte in 
each sample. Examples of typical calibration curves obtained for copper and sodium by the 
Perkin Elmer 5000 spectrometer are shown in Figure 2.2. Also highlighted on these curves are 
the calculated linear regression equations and the correlation coefficients (R2). Details of the 
statistical techniques used can be found in Appendix A.
Figure 2.2: Calibration Curves for Cu and Na
Sodium calibration curveCopper calibration curve
0.80.251 
0.2 - 
•w* 0.15-
y = 0.1534x + 0.0073 
R2 = 0.9997 ^
y = 0.0244x + 0.0024 
R2 = 0.9984
0.6 - -  
0.4 -
0.2 - -
0.05-
10
Na concentration (mg/l)Cu concentration (mg/l)
2.4.1.4 Quality control charts
Quality control charts were used in the identification of instrument drift throughout the 
analysis run. Check solutions, normally a standard solution from mid-range analyte 
concentration (e.g. if analysing from 1 -10 mg/l, a check solution of 5 mg/l would be used), 
were analysed after every 20 samples throughout the whole analysis run. This was done for 
the determination of every element using the FAAS. An example of a quality control chart can 
be seen for copper in Figure 2.3. The x-axis represents the length of time the instrument was 
used for the determination of a particular element, with the actual values obtained for the check 
solution represented as single points, and the mean from the whole day represented as a single 
line. A line ± 1 and ± 2 std.dev. (standard deviation) are also represented.
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Figure 2.3: Quality Control Chart for Copper
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2.4.2 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
Inductively coupled plasma (ICP) as an ion source for atomic emission spectrometry 
(AES) was first discovered in the 1960's, with the first commercial mass spectrometry (ICP-MS) 
instrument developed and used by the middle of the 1980's. ICP-MS is a technique used for 
elemental and isotopic analysis, having excellent detection limits, a wide calibration range, 
providing a 'simultaneous' multi-element data and a high speed of analysis compared with other 
techniques, e.g. flame atomic absorption spectrometry. Isotopes of 71 naturally occurring 
elements can be monitored using conventional positive ion solution nébulisation ICP-MS, and 
for about 70% of these elements, more than one stable isotope occurs in nature (Soltanpour et 
a i, 1998). Thus, elements can be analysed using isotope selection, ratios and/or isotope 
dilution.
The technique allows the measurement of ions produced by a radio-frequency (Rf) 
inductively coupled plasma. Analyte species that are present in the aqueous sample are 
nebulized, with the resulting aerosol transported via argon gas into the plasma torch. The ions 
that are produced are entrained in the plasma gas and introduced, by means of an interface 
into the mass spectrometer. Ions produced in the plasma are separated according to their 
mass-to-charge ratios and quantified using a channel electron multiplier, or Faraday Cup 
detector.
ICP-MS for environmental analysis has many problems, which can be overlooked and 
need to be addressed:
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• Background Influences - the very nature of the water used to dilute acids and samples can 
influence the background spectra when running samples. Pure water, when nebulised, 
contains A r  (from the carrier gas), 0 +, H+ and N+ in the plasma. When these elements are 
ionised the resultant species in the background spectra include 17[OH]+, 18[OH2]+, 19[OH3]+, 
32[02]+, 41[ArH]+, 56[ArO]+, and 80[ArAr]+.
•  Mineral Acid Spectra - the very nature of the acid used in the preparation of sample 
solutions will affect the amount of interference from these elements. Due to the high first 
ionisation energy of nitrogen, few problems are experienced with nitric acid solutions of 1% 
or less, although at higher concentrations the peaks of 55[ArN]+ and possibly 55[ArNH]+ may 
be large enough to interfere with the peak of 55Mn+ - of which there is no other isotope 
(Gray, 1986). The acids likely to cause the most interference are sulphuric and 
hydrochloric acids. Sulphur has appreciable peaks of 64[S02]+ and 64[S2]+ which would 
interfere with 64Zn+, thus an alternative isotope of Zn would have to be used, namely 66Zn. 
The interfering peaks produced by combinations of chlorine with oxygen or argon cause 
interferences with 51V+ and 75As+ (Gray, 1986). Both of these elements are mono-isotopic 
and as such cause great inconvenience when analysing for these elements. To minimise 
the effects from acid matrices the use of low acid concentrations (< 1 %) of nitric acid 
should be used where possible.
•  Spectroscopic Interferences - Isobaric interferences are caused when two elements have 
isotopes of essentially the same mass, e.g. analysis of 64Zn+ (48.9% abundance), would 
result in an interference from 64Ni+ (1.16%) - the problem can be addressed by selecting 
66Zn+ (27.8%), 67Zn+ (4.11%), or 68Zn+ (18.6%). Polyatomic interferences result from the 
short-lived combination of two or more atomic species, e.g. 64Zn+ (48.9%) has possible 
polyatomic interferences from 48Ca160 +, and 48Ti160 +. Again, select another Zn isotope, 
one in which there are no other polyatomic interferences, e.g. 66Zn+ - however, this has 
several polyatomic interferences, namely 50Ti16O+, 50V16O+, and 132Ba2+. The solution to 
polyatomic ion interferences requires the use of other isotopes which may be of lower 
abundance, blank subtract using a matrix-matched solution, use an alternative sample 
introduction method (hydride generation i.e. for As), laser ablation (for solid samples and 
thereby reducing the solvent/acid polyatomic problem), instrument optimisation or high 
resolution ICP-MS.
• Doubly charged ions - overlapping of a singly charged isotope with half the unit mass of the 
doubly charged species, e.g. 130Ba2+ will affect 65Cu+.
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•  Non-spectroscopic Interferences - observed when the matrix of the sample contains high 
levels of accompanying elements, e.g. Na, Ca, K, Mg. The total dissolved solids content of 
the sample, if high, will also cause a non-spectroscopic interference, affecting the nebuliser, 
plasma injector, sampling cone, skimmer cones, etc. Matrix effects can be solved through 
dilution of the sample (reduces sensitivity), matching standards to the same matrix 
problems, and by means of internal standardisation whereby an internal standard, e.g. 115ln 
is added either on-line, or to each standard and sample individually corrected.
•  Costs - the cost of instrumentation, operation and maintenance are generally higher than 
for other instruments, e.g. FAAS and ICP-AES (inductively coupled plasma atomic emission 
spectrometry).
•  True 'simultaneous' multi-element analysis does not exist with ICP-MS - more isotopes per 
sample require longer analysis, which in turn requires more sample to avoid detection limit 
and/or precision degradation (Soltanpour et al., 1998).
2.4.2.1 ICP-MS operating conditions
The instrument used in this research was a Finnigan Mat Sola ICP-MS (Finnigan Corp., 
Hemel Hempstead, UK). Figure 2.4 shows the schematic arrangement of a typical ICP-MS 
fitted with a quadrupole mass analyser and two detectors, namely a channel electron multiplier 
and a Faraday Cup.
Figure 2.4: ICP-MS Schematic
Sampler
Cone RF
PowerSkimmer
Cone
Mass Channel 
Analyser
Beam
DeflectorsFaraday
Cup
Spray
Chamber
Phase
Match
TorchIon Beam XY Deflector
Load Coil /
Nebuliser
Quadrupole Mass Analyser j / '
Peristaltic
.PumpH Computer
Steer Accelerator
ConePrinter FocusChanneltron
Electron
Multiplier
Mass
Flow
Controller
SampleICP
Turbo
Molecular
Pump
Turbo
Molecular
Pump d
Turbo
Molecular
Pump
Rotary
Pump
Waste Liquid Argon
Rotary Pump
Vacuum System
Quadrupole Mass 
Spectrometer
Sampling
Interface
Data Aquisition ICPIon Lenses Sample Introduction
(Dudding, 2000)
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The typical measuring parameters and operating conditions used for the analysis of soil 
solutions are given in Tables 2.1 and 2.2, respectively.
Table 2.1: Measurement Parameters for the Finnigan Mat Sola ICP-MS
Measuring mode Semi-quantitative analysis
Detector Electron multiplier
Dwell time 2 ms
Passes 100
Channels 8
Scans 3
Isotopes monitored 60Ni+, 65Cu+, 66Zn+, 112Cd+ 
and 208Pb+
Table 2.2: Typical Operating Conditions for the Finnigan Mat Sola ICP-MS
Incident Power 1.5 kW
Reflected Power OW
Coolant Flow 151 min-1
Intermediate Flow 1.0 cm3 min-1
Nebuliser Pressure 2.5 bar
Pump Speed 15 rpm
Resolution 34
Y-steer 5.34
Y-deflection 3.14
X-deflection 5.92
Extraction 2.82
Focus 5.7
Match 7.9
Pole Bias 4.49
Filter 10.0
Interspace 10.0
Discriminator 0.78
Multiplier voltage 6.0
Spectrum/Integral Spectrum
Vacuum 1 3.0x10-3 bar
Vacuum 2 4.2 x 10° bar
Vacuum 3 6.0 x 10-5 bar
Three blanks were used with the running of all sample solutions, namely calibration, 
preparation and rinse blank. The calibration blank was used in the determination of the 
calibration curve (normally 1% nitric acid, Aristar™). The preparation blank was used to 
monitor possible contamination when preparing the sample, and the rinse blank was used as a 
wash-out solution to remove any possible contamination from the previous sample and/or 
standards (normally 5% nitric acid, Aristar™, wash-out time 1 - 3 minutes, depending on 
sample matrix).
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The instrument was calibrated using standards from 0,10, 50,100, 250 and 500 pg/l, 
obtained by the dilution of 10,000 mg/l Ni, Cu, Cd, Pb and Zn stock standards (Aristar™ grade, 
BDH). All standards were matrix-matched, prepared in 1% nitric acid, Aristar™.
2.4.2.2 Evaluation of interferences in ICP-MS
Due to the use of mass selective detection, ICP-MS is prone to polyatomic 
interferences, matrix and/or non-spectroscopic ion suppression/enhancement as previously 
mentioned. In order to assess the degree of interference when analysing environmental 
samples a series of experiments were run to assess possible ion enhancement/suppression or 
polyatomic interference from Na, Ca, Mg and K. One of the problems when using ICP-MS for 
environmental analysis is the ability to analyse trace elements without the interference of major 
elements e.g. Na, Ca, Mg and/or K. However, in some cases the dilution needed to minimise 
these effects can lead to the inability to detect the trace elements.
The effect of polyatomic ions can have a significant impact on the ion signal of certain 
isotopes one is measuring. Table 2.3 highlights the potential polyatomic ions that can influence 
the isotopes used in this research. There seems to be little or no effect from potassium and 
magnesium on the isotopes used in this research, however for a detailed list of the possible 
effects on other isotopes refer to Vandecasteele & Block (1994).
Table 2.3: Potential Polyatomic Ions for This Study
Element Polyatomic Ions Elements subject to
interference*
Ca CaO, CaOH, Ca02 Ni, Zn
Na Na2, Na2H, Na2O, ArNa, ArNaO Ni, Cu
Interferences occur 1for only one or a few isotopes of the element, not necessarily for all.
(Adapted from Vandecasteele & Block, 1994)
The degree of influence from these polyatomic ions is determined by the concentration 
of the polyatomic ion in solution. The presence of high concentrations of easily ionised species 
(e.g Na) can suppress the ionisation of analytes in the plasma. Suppression of this type works 
firstly by removing the energy available for ionisation, and secondly by physically obstructing 
the analyte due to the large quantities of the competing ion present (Stove!!, 1999). However, 
easily ionised elements have also been shown to enhance analyte signals for certain elements 
(e.g. Ca). This effect can be caused by increased atom-electron collisions, making analyte 
ionisation more favourable (Beauchemin et a i, 1987).
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For most soil solutions the level of sodium and calcium can be in the range from < 1 
mg/l to > 100 mg/l, depending on the dilution factor used to prepare the solution media. The 
influence of these polyatomics and spectral interferences (causing ion 
enhancement/suppression) can clearly be seen for indium (115ln - internal standard) in Figure 
2.5 and for nickel (60Ni) and copper (65Cu) in Figure 2.6.
Figure 2.5: Suppression/Enhancement Effect of Sodium and Calcium on Indium
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Figure 2.6 Effect of Sodium and Calcium on 60Ni and 65Cu Signal
Effect of sodium on nickel intensity
16000
14000
12000
10000
£• 8000 
Io> 6000
4000
2000
100
Na concentration (mg/l)
Effect of sodium on copper intensity
1400-
1200-
Cu
200
0 20 40 60 80 100
Na concentration (mg/l)
Effect of calcium on nickel intensity
35000
30000
25000
£. 20000-
<2 15000 - ■
£  10000-
5000-
0 20 40 60 80 100
Ca concentration (mg/l)
Bfect of calcium on copper intensity
1800
1600 
1400 
£ 1200 
~  1000- 
|  800- 
I  600-
-  400- 
200 
0-
0 20 40 60 80 100
Ca concentration (mg/l)
64
In Figure 2.5 there is a suppression of the indium (115ln) signal caused by the increase 
in sodium content in the solution, and conversely an enhancement of the indium signal when 
calcium is increased in the solution.
In Figure 2.6 the effect of sodium has a clear suppression effect on both nickel and 
copper intensity, whilst calcium shows suppression for nickel, and an enhancement of the 
copper signal (most probably due to polyatomic ion influence).
In order to correct for these effects, solutions should ideally contain less than 1 mg/l of 
the influencing ions (Na and/or Ca), and/or correction of the element intensity by means of 
internal standardisation, as discussed in the following section.
2.4.2.S Optimisation and internal standardisation
Optimisation of the ICP-MS is important in order to have the optimum operating 
conditions for maximum ion transport to the detector units (Dudding, 2000). Both forward 
power and nebuliser flow rate are used in optimising the ion signal following the operating 
conditions in Table 2.2.
When using ICP-MS one must be aware of the inherent changes in the instrument 
throughout the sample analysis, and how to correct for these changes. The signal of the 
instrument will drift i.e. will not stay constant throughout the analysis of samples. To correct for 
this drift an internal standard of constant concentration must be used and either run on-line or 
added to all standards, blanks and samples - thus the signal for the internal standard can be 
monitored at the same time as that of the sample analytes. A drift in signal will be monitored by 
an increase or decrease in internal standard value and correction by means of a ratio to the 
average internal standard taken from the whole run can be made. This ratio is then used to 
correct each analyte in turn.
The internal standard used in this research was indium since it was not present in the 
sample matrix, and has an isotope of high abundance (115ln - 95.7 % abundance). A solution 
containing 100 \xgl\ of 115ln in 1 % nitric acid (Aristar™) was used on-line with all sample 
solutions.
2.4.2.4 Detection limits for ICP-MS
The detection limit (DL), or limit of detection (LOD), is defined as the lowest 
concentration or the weight of analyte which can be measured at a specific confidence level 
(Kebbekus & Mitra, 1998). If a good estimate of the standard deviation of the background is
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available (typically ten measurements), a point 2a or 3a above mean background can be used 
with confidence levels of 90 % and 95.5 %, respectively (Fifield, 1997). In some areas a limit of 
determination is used and is defined as 6a above the mean background.
Table 2.4 highlights the detection limits (using the mean ± 3a) established for the 
Finnigan Mat Sola ICP-MS for the analytes studied.
Table 2.4: Detection Limits for Finnigan Mat Sola ICP-MS
Analyte Detection Limit (ng/l)
60Ni 0.05
65Cu 0.04
66Zn 0.06
112Cd 0.02
208pb 0.03
The detection limits obtained are slightly higher than those quoted by Fifield (1997), 
where Ni = 0.03 jxg/l, Cu = 0.03 jig/l, Zn = 0.08 jig/l, Cd = 0.02 j^g/l, and Pb = 0.02 jug/I. This 
is mainly due to variations between different instrument components (types of nebulisers, 
cones, skimmers, etc) and the operating conditions used for the instrument.
2.4.2.5 Calculation procedure for ICP-MS
The final measurement printed via the computer was an intensity value (counts per 
second) for each element isotope. The intensity values were then entered into an Excel™ 
spreadsheet and evaluated as follows:
•  115ln corrected - the average In intensity for the whole run of samples was used to 
correct each In value in turn to obtain an In ratio (i.e. average In/ intensity In). This 
ratio was then used to correct each element intensity;
• blank corrected - for standards a 1% nitric acid (Aristar™) blank was subtracted, 
and for samples a preparation blank was used;
• calibration curves plotted and the resultant least squares fit line obtained for each 
element studied;
•  sample intensity fitted to the least squares fit lines;
•  value corrected for dilution volume and mass used, and quoted as mg/kg, dry 
weight (d.w.).
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2.4.3 X-ray Fluorescence (XRF)
X-ray fluorescence (XRF) is the emission of X-rays from excited atoms produced by the 
impact of high-energy electrons, other particles, or a primary beam of other X-rays. The 
wavelengths of the fluorescent X-rays can be measured by an X-ray spectrometer as a means 
of chemical analysis.
XRF allows the determination of analytes in the solid matrix, i.e. without destruction of 
the sample. For ease of preparation samples are ground to a particle size smaller than 50 jum. 
The ground sample is then placed into a pellet press, with the addition of borax or cellulose 
around the edges and on the top of the sample to form a backing for the pellet. The pellet is 
then placed under pressure to solidify the sample. Once solidified the sample is ready for 
analysis. However, the effects of surface roughness, non-homogeneity, particle size and shape 
and distribution, mineralogy, method of casting, degradation of surfaces due to oxidation or 
hydration will all affect the emitted intensity (Lachance & Claisse, 1995) and must be taken into 
consideration. Pressed pellets may not always yield sufficiently reproducible intensities owing 
to segregation of various sized particles and degrees of compactness at the surface (Lachance 
& Claisse, 1995).
XRF analysis was undertaken on a Philips PW1480 Sequential Spectrometer, with 
Philips X40 software based at the Postgraduate Research Institute for Sedimentology, 
University of Reading. Samples, of air-dried material, were prepared personally, in duplicate, at 
the centre and left for analysis by the XRF Technician.
An alternative method of fusing the sample with sodium tetraborate may also provide 
better agreement than the pellet used above, since a fused sample is more homogeneous 
(Kebbekus & Mitra, 1998).
2.4.4 Ion Chromatography
By definition, chromatography is a separation technique in which a sample is 
equilibrated between a mobile and a stationary phase. In Ion Chromatography, the technique is 
used to separate ionic species from solution media. Here the stationary phase is an ion 
exchange resin and retention of the ionic species occurs as they are exchanged onto and off 
the resin surface (Braithwaite & Smith, 1985).
A sample of 10 -100 jul is introduced into the mobile phase, which, is pumped into the 
separator column, and in turn separates the analyte ions by differential migration along its 
length (Watts, 1998). Thermodynamic factors such as size and affinity of ions to the ion
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exchange groups on the stationary phase result in the separation of the analyte into discrete 
bands which can then be detected.
Ion Chromatography can be used for the detection and quantification of many species, 
including (Kebbekus & Mitra, 1998):
•  inorganic anions such as chloride, fluoride, sulphate, nitrate, and nitrite;
• cations such as sodium, calcium, copper, lead, and ammonium ions, and;
• ionisable organic species such as carboxylic acids and amino acids.
Ion Chromatography analysis was undertaken using a Dionex ED40 conductivity 
detector, based in the Department of Chemistry, University of Surrey. The detector was used in 
the conductivity mode for anion (Cl-, NO3-, HPO42-, and SO42-) detection of soil, zeolite and 
sludge solutions. The analytical column used for the analysis of anions was a lonpac AS11A 
and AG11A with a flow rate of 1 ml/min (Watts, 1998). The mobile phase was 25 mM NaOH 
prepared in double-distilled deionised water (DDW). Using NaOH as the mobile phase enables 
the OH- ions in the eluent to be neutralised by the H+ ions from the column, thus leaving only 
the sample anions in solution.
Standards were prepared by diluting a mixed anion standard in water (ICMIX-2) 
obtained from Glen Spectra Reference Materials, Middlesex, UK. Dilutions of the stock solution 
were in the range from 1:400 to 1:2. Table 2.5 highlights the concentrations of the mixed anion 
standard (ICMIX-2) and the dilutions used.
Table 2.5: Mixed Anion Standard (ICMIX-2)
Dilution Concentration of anions (ng/ml)
Cl- S042- NOy HPO42-
0 200 400 400 600
1:400 0.5 1 1 1.5
1:200 1 2 2 3
1:40 5 10 10 15
1:20 10 20 20 30
1:10 20 40 40 60
1:4 50 100 100 150
2.4.5 Flame Photometry (FP)
Flame Photometry (FP) is the study of visual radiation that extends into the near 
infrared and the near ultraviolet. A solution containing either Na+, Ca2+, K+, or Li+ ions, is 
sprayed into the gas-air mixture. These ions are converted into atoms within the flame, and 
using the energy of the flame, electrons are moved into a higher energy orbit - excited state.
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On falling back to the original orbit the stored energy is released (emitted) as light with a 
wavelength which is characteristic of the energy change (Rowell, 1997). The amount of light 
emitted depends on the flame conditions and the rate at which the ions enter the flame (Rowell,
1997). The emitted light is proportional to the concentration of ions in the solution. A coloured 
glass filter is used to discriminate between elements, and the selected light emitted can be 
measured using a photoelectric cell and ammeter.
Flame photometry analysis was undertaken for K only using a Corning 400 Flame 
Photometer based in the Department of Earth and Environmental Sciences, Kingston 
University. The instrument was calibrated using standards from 0, 2, 5, 7.5,10 and 15 mg/l, 
obtained by the dilution of a 10,000 mg/l K stock standard (Aristar™ grade, BDH). All 
standards were matrix-matched.
To check there was no instrumental drift throughout the running of this instrument a 
known standard solution was run at intervals over the day. Table 2.6 shows the linear 
regression equation and coefficient of variation (r2) (calculated from an Excel™ spreadsheet) 
for the calibration curves used for this instrument. The check solution mean, standard deviation 
and percentage relative standard deviation (% RSD) are also highlighted in Table 2.6.
Table 2.6: Potassium Calibration and Check Solution Data for Flame Photometer
Linear Regression r2 Check solution Mean Standard % RSD
(mg/l) (mg/l) deviation
y = 6.8317x + 0.6169 0.997 5 (n = 8) 5.38 0.37 6.9
y = 6.638x-0.8669 0.999 2 (n = 10) 1.96 0.10 5.1
Both calibration curves obtained for the flame photometer provided good best-fit data 
between calibration standard and instrument response. Both check solutions used throughout 
the analysis period, also provided good precision levels, having RSD < 10 %.
2.4.6 X-ray Diffraction (XRD)
X-ray diffraction (XRD) is simply the diffraction of X-rays by a crystal. The wavelengths 
of X-rays are comparable in size to the distances between atoms in most crystals, and the 
repeated pattern of the crystal lattice acts like a diffraction grating for X-rays. Therefore, XRD 
can be used as a tool in determining the structure of crystals. The technique involves directing 
a beam of X-rays at a crystalline sample and recording the diffracted X-rays using a 
spectrometer. When a beam of X-rays, of incident wavelength X, strikes a crystal surface in
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which the layers of atoms or ions are separated by a distance d, the maximum intensity of the 
reflected ray occurs at (Dyer, 1988):
sinO - n X H d  Equation 2.2
where, 0 is the component of the angle of incidence (scattering angle) and n is an integer.
This equation known as Bragg's law enables the structure of many crystals to be 
determined. Both the direction and intensity of the diffracted beam, present from the X-ray 
diffracted pattern, will be unique for one particular crystal. It is therefore possible to identify 
different crystalline phases present in a sample using the diffraction angle (20) against peak 
intensity. Comparison with known or standard XRD patterns can be used to identify crystalline 
structures present in a sample. XRD analysis is undertaken using either a single crystal or a 
powdered crystalline sample.
XRD analysis was undertaken on a Seifert Powder Diffractometer based within the 
Department of Chemistry, University of Surrey. Samples to be analysed were roughly ground 
(< 1 mm) and transferred to a sample holder for analysis. All diffraction spectra obtained were 
compared with standard diffraction patterns held within the library of data files stored within the 
XRD computer, and using the International Centre for Diffraction Data (1983).
2.4.7 Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM) is a powerful tool which, allows the observation 
and characterisation of organic and inorganic materials at the micrometer scale (|im). In 
principle the sample to be analysed is irradiated with a finely focused electron beam, which may 
be static or swept across the surface of the sample (Goldstein et a i, 1981). The signals 
produced after the sample has been irradiated include secondary electrons, backscattered 
electrons, Auger electrons, characteristic X-rays, and photons of various energies (Goldstein et 
a i, 1981). For SEM, both secondary and backscattered electrons are important since these 
vary due to differences in surface topography of the sample. The secondary electron emission 
is confined to a volume near the beam impact area, permitting images to be obtained at a 
relatively high resolution (Goldstein et al., 1981). Analysis of the characteristic X-rays, using an 
electron microprobe, allows both qualitative and quantitative information to be obtained for the 
sample.
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Samples were prepared on self-adhesive mounts, however this only captured several 
grains from each sample (approximately 0.1 g of sample). For each sample 3 images were 
obtained.
SEM analysis was undertaken using a Hitachi S-3200N based in the Microstructural 
Studies Unit, University of Surrey. The instrument used was a variable pressure SEM with 
backscattered electron detection, quantitative X-ray analysis, X-ray mapping and image 
analysis. The instrument was utilised only for image production.
2.5 Quality Control Definitions
Quality control of any method or instrumentation is important when validating the data 
obtained. The most important quality control definitions are listed in more detail below, namely 
accuracy, precision and sensitivity.
2.5.1 Accuracy
The accuracy of a measurement describes the nearness of a measurement or result to 
the true value (Fifield, 1997). It is defined in terms of error and as such can only be given as an 
estimate. Systematic errors which, tend to deviate or introduce bias to all measurements in one 
direction, are the main source of error to affect the accuracy of a measurement. They can be 
determined as a result of sample handling, fault with instrumentation or operator mistake. 
Accuracy can be determined by analysing samples of known concentration and comparing the 
mean measured value to the actual (true) value. Certified reference materials (CRMs), 
produced internationally and nationally, have been developed as a way to determine accuracy 
in analytical methods, inter-laboratory and inter-analytical comparisons.
Certified reference materials are used throughout this research to determine the 
accuracy of the analytical methods adopted, and as an inter-analytical comparison (Chapter 4).
2.5.2 Precision
The measure of the amount of random error (result of uncontrollable factors, e.g. 
uncertainty in weighing and/or volume measurements) present in a set of data is the precision 
or reproducibility (Kebbekus & Mitra, 1998). Precision is normally quantified by the use of the 
coefficient of variation (CV) or the relative standard deviation (RSD). Relative standard 
deviation is the parameter of choice for comparing the precision of data of different units and 
magnitudes and is used extensively in analytical research. The RSD can also be expressed as
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a percentage (% RSD). The percentage RSD or percentage CV enables a quick appreciation 
of the degree of variation present in an experiment or set of results, and allow comparisons of 
one region with another and one experiment with another (Webster, 2001).
Standard deviations were used throughout this research as an approximate measure of 
the precision of a set of values.
2.5.3 Sensitivity
The sensitivity of an instrument or analytical method is its ability to distinguish between 
small differences in concentration of analyte at a desired confidence level (Fifield, 1997). The 
slope of a calibration curve for a particular concentration gives a measure of the sensitivity. 
Since the precision of measurements decreases (i.e. RSD increases) at low concentrations, the 
ability to distinguish between small concentration differences also decreases - sensitivity is 
therefore a function of precision (Kebbekus & Mitra, 1998).
2.6 Summary
This chapter has reviewed the analytical methodologies adopted in this research, from 
the sampling techniques, sample preparation through to sample analysis by the many 
instrumental techniques utilised.
The choice of using a specific sampling strategy and sample preparation is of utmost 
importance, especially when analysing for heavy metals. Also the way in which media are 
treated is important, e.g. fresh soil will have different physical and chemical characterisations 
than oven-dried soil. Thus all environmental media were collected and prepared keeping 
strictly to the methods of preparation outlined in sections 2.2 and 2.3. Prevention of cross­
contamination between samples and possible contamination from the laboratory equipment 
was kept to a minimum in all analytical procedures undertaken in this research.
All analytical methods (FAAS, ICP-MS, XRF, Ion Chromatography and Flame 
Photometry) used in this research are described in detail, together with an outline of their 
strengths and weaknesses. A literature review of the problems that have been encountered 
when analysing environmental data is also discussed for each instrument. Finally, analytical 
figures of merit are discussed, with particular attention given to accuracy, precision and 
sensitivity.
Chapter 3 details the physico-chemical characterisation of all media used in this 
research.
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3.1 Introduction
The main objective of this chapter is to underline the fundamental physico-chemical 
characteristics of all the research media used. Why certain characteristics are important when 
addressing the mobility and bioavailability of heavy metals will be discussed, together with the 
results from each media tested. This chapter will outline the following:
• zeolite crystal structure and mineral composition using x-ray diffraction and 
scanning electron microscopy;
• elemental oxide analysis of zeolite, soil and anaerobically digested dewatered 
sludge (ADDS) using x-ray fluorescence;
• field characteristics of soil in-situ (texture and pH);
• initial laboratory investigations on soil, ADDS and commercial peat, (pH, 
moisture and organic matter content, and cation exchange capacity); and,
• solution anion content from zeolite, soil and ADDS using ion chromatography.
Heavy metal determination of the research media used, although part of the
fundamental physico-chemical characteristics, are included in Chapter 4 where both heavy 
metal content and geochemical fractionation are discussed.
3.2 Crystal Structure and Mineral Composition of Clinoptilolite
Natural zeolite deposits can contain a variety of impurities, namely quartz, feldspar, 
cristobalite, tridymite, calcite, gypsum, untreated volcanic glass and clay minerals (Hawkins, 
1983). All these minerals can affect the physical and chemical behaviour of the natural zeolite, 
some more than others. For example, the presence of clay minerals, calcite and/or gypsum 
can affect the ion-exchange capabilities of these minerals (as will be explained in more detail in 
Chapter 5). Therefore, the mineralogy of the zeolite sample will help determine its identity and 
effectiveness for ion-exchange applications.
3.2.1 Mineral Composition by X-ray Diffraction (XRD)
X-ray diffraction (XRD) analysis enables the identification of not only the main minerals 
found within a sample, but also the minor minerals, which may have an affect on the ion- 
exchange capabilities of the material as a whole. For example, clay minerals have unique ion- 
exchange capacities for heavy metals (discussed in Chapter 4), and as a result these exchange 
sites may be preferential for heavy metal exchange to those available on the zeolite framework.
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X-ray diffraction analysis was undertaken on five sub-samples of the 'as received' 
clinoptilolite. Figure 3.0 shows the characteristic diffraction pattern obtained for the zeolite 
sample (preparation details in section 2.2.4.1), with a computer database reference 
(clinoptilolite) used to match the peak intensities.
Figure 3.0 X-ray Diffraction Pattern of Clinoptilolite
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All five diffraction patterns obtained for the zeolite sample matched the clinoptilolite 
reference for between 25-27 of the 31 peaks highlighted. Investigation into the identification of 
the other peaks revealed the presence of quartz, cristobalite and potassic feldspars. All peak 
intensities were manually cross-checked using the International Centre for Diffraction Data 
(1983). Slight differences in the matching of peaks between samples can be attributed to 
differences in crystal alignment of the samples during preparation.
In contrast to the XRD data obtained in this study, analysis provided by the British 
Zeolite Company showed the sample to be 80-85% clinoptilolite with impurities of opaline, 
cristobalite, potassic feldspar and traces of sanidine and montmorillonite.
When considering the impact on exchange capacity from these impurities, potassic 
feldspars, sanidine and montmorillonite will have the greatest influence. Both potassic 
feldspars and sanidine alter readily to clay minerals, mainly kaolinite (Hamilton et al., 1993), 
and, as already mentioned, clay minerals have unique ion-exchange mechanisms for heavy 
metals. Montmorillonite, also a clay mineral, has a greater capacity for heavy metal ion 
exchange than kaolinite due to its expanding framework (detailed in Chapter 4).
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3.2.2 Scanning Electron Microscopy
A total of three sub-samples from the 'as received1 clinoptilolite were analysed by 
scanning electron microscopy. Figures 3.1 and 3.2 show the typical micrographs obtained for 
the clinoptilolite sample. In both figures the clinoptilolite particles appear medium grained (grain 
size between 0.1 to 2 mm), and have a habit (shape) which can be described as blocky (brick­
shaped) and tabular. Some of the clinoptilolite grains appear quite angular and crystalline 
(cleavage and/or crystal faces present) as shown by the grains represented middle right in 
Figure 3.1, and bottom left and top right in Figure 3.2. There are several clinoptilolite grains 
represented in both Figure 3.1 and 3.2 that show a micaceous habit as shown on the edges of 
the particles, i.e. appear easily separated into sheets. Nearly all clinoptilolite particles are 
covered by smaller debris. Pre-treatment of these samples with either water to remove the 
smaller debris and/or a weak acid solution was not undertaken since the objective of the 
research was to use the zeolite 'as-received' in all investigations.
Figure 3.1: Scanning Electron Micrograph - Clinoptilolite 1
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Figure 3.2: Scanning Electron Micrograph - Clinoptilolite 2
3.3 Total Elemental Oxides
Total elemental oxide data obtained by x-ray fluorescence (XRF) allows the 
identification and quantification of major and minor elements. With respect to zeolite and soil 
samples, it allows the identification and quantification of framework elements such as silica, 
aluminium and iron, together with the exchangeable elements present within the sample (e.g. 
Ca, Na, K and Mg). XRF analysis of sludge samples can help to identify the elemental content 
that is nutritional for plants (Ca, Mg and K), and the treatment received by the sludge, e.g. 
addition of ferrous sulphate and lime is used in the treatment process to improve the removal of 
suspended solids, the resulting sample containing both iron and calcium oxides.
3.3.1 Quality Control Data for XRF
Table 3.0 show the data for the analysis of an in-house reference material (GSP-1) and 
certified reference materials for soil (GBW 07401) and domestic sludge (NIST CRM 2781) for 
total elemental oxide analysis. Please note the values quoted for NIST CRM 2781 are for total 
element only, not elemental oxides.
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Table 3.0: XRF Analysis of Reference Materials - Total Elemental Oxides (%)
Total Elemental Oxide ■ mean ± std.dev. 
(n=2)
Total Element - mean ± std.dev. 
(n=2)
GSP-1 GBW CRM 2781
Certified Measured Certified Measured Certified Measured
Na20 2.8 2.9 1.7 1.3 0.2 0.1
±0.4 ±0.1 ±0 ±0.02 ±0.01
MgO 1.0 0.9 1.8 2.0 0.6 0.8
±0.1 ±0.1 ±0.04 ± 0.04 ±0.02
AI2O3 15.3 14.3 14.2 14.7 1.6 0.9
±0.5 ±0.2 ±0.2 ±0.1 ±0.02
Si02 67.3 69.5 62.6 64.0 5.1 6.2
±0.5 ±0.2 ±0.6 ±0.2 ±0.03
P2O5 0.3 0.3 ND ND 2.4 2.4
±0.01 ±0.1 ±0
K20 5.5 5.6 2.6 2.8 0.5 0.4
±0.1 ±0.1 ±0 ±0.03 ±0.01
CaO 2.0 2.0 1.7 1.9 3.9 8.4
±0.1 ±0.1 ±0.02 ±0.1 ±0.03
MnO 0.04 0.04 ND ND 0 0.2
±0.00 ±0
FeaOa 4.3 4.0 5.2 5.8 2.8 3.1
±0.2 ±0.1 ±0 ±0.1 ±0.01
ND - Not Detected
The in-house reference material GSP-1 shows good agreement between the certified 
and measured results. Typical percentage relative standard deviations (% RSD) values for this 
reference material range from 0.01 % for MnO to 12.1 % for Na^O. The soil reference material 
(GBW) shows measured values for most elements outside the standard deviation range of the 
certified values. Typical % RSD values for this material range from 0.01 % for Na^G to 1.8 % 
for MgO. The domestic sludge reference (CRM 2781) shows measured values either well 
below or over those given by the certified values, with the most 'inaccurate' comparison being 
that of CaO having a certified value of 3.9 ± 0.1 %, with a measured value of 8.4 ± 0.03 %. 
Typical % RSD values for this material range from 0.01 % for P2O5 to 5.4 % for NaaO.
In summary, for both the soil and sludge reference materials XRF has proven to show 
poor accuracy but relatively good precision for the total elemental oxides.
3.3.2 XRF Total Elemental Oxides Results
X-ray fluorescence (XRF) analysis (preparation details in section 2.3.1.4) was 
conducted in triplicate for clinoptilolite, and singly for the sludge-amended soil (RFC), non­
sludge amended soil (RFU) and anaerobically digested dewatered sludge (ADDS - OX). XRF 
data provided by the British Zeolite Company (BZc) is also presented for the same clinoptilolite.
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Table 3.1 shows the data obtained for each media (clinoptilolite, RFC, RFU and ADDS - OX) for 
total elemental oxides.
Table 3.1: XRF of Research Media - Total Elemental Oxides (%)
Total Elemental Oxide - mean ± std.dev.
BZc data* 
(n=1)
Clinoptilolite
(n=3)
RFC
(n=1)
RFU
(n=1)
ADDS-OX
(n=1)
NaaO 1.4 1.3 ±0.02 0.6 0.1 0.2
MgO 0.9 0.9 ±0.01 0.7 0.6 0.8
AI2O3 12.1 11.3 ± 0.1 9.1 14.9 3.9
Si02 71.5 73.0 ±0.3 53.4 70.4 8.4
P2O5 ND ND 1.3 0.4 16.5
K20 3.9 3.7 ±0.02 1.7 2.0 0.4
CaO 1.5 1.3 ±0.01 5.8 0.2 16.5
Ti02 0.1 0.2 ±0.01 1.3 1.6 0.6
MnO 0.07 0.02 ± 0.001 0.1 0.3 0.1
FG203 1.2 1.4 ±0.01 4.7 8.1 16.6
H20 7.3 7.0 ±0.3 21.3 1.5 36.1
^British Zeolite Company data; ND - Not Detected
In Table 3.0 the XRF data for total elemental oxides determined for several certified 
reference materials, confirmed that the analytical procedures used in this work provide 
measured values in general agreement with certified values. Therefore, the data in Table 3.1 
enables a comparison of the total elemental oxide (%) values between clinoptilolite, RFC, RFU 
and ADDS - OX.
In general, there is good agreement between the XRF values for the clinoptilolite 
sample measured in this study and data provided by BZc. There are various similarities within 
the percentage oxides:
• tetrahedra occupied by silica oxide (SiO )^ for the as-received sample gave a mean 
of 73.0 ± 0.3 %, with 71.5 % obtained by BZc;
• tetrahedra occupied by aluminium oxide (AI2O3) for the as-received sample gave a 
mean of 11.3 ±0.1 %, with 12.1 % obtained by BZc;
• major cations in decreasing order for both sets of data include K > Ca > Fe > Na > 
Mg; and,
• water content measured at the University of Reading gave 7.0 ± 0.3 %, with a BZc 
value of 7.3%.
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The chemical formula for the BZc clinoptilolite can be represented as the following:
(MgCaNa2K2)2.6(AIO2)7(SiO2)30 2 IH2O
This shows the clinoptilolite to contain predominantly sodium and potassium 
exchangeable cations - double that of magnesium and calcium.
Data provided by the British Zeolite Company quote a molecular ratio (Si:AI) of 5.23 :1 
which is near to the maximum value stated by Breck (1974) of 4.25 - 5.25 :1. Due to its high 
silica content this zeolite is therefore more thermally stable and acid resistant than lower silica 
counterparts (Hawkins, 1983). However, fewer aluminium atoms than silica atoms results in 
fewer exchangeable cations being sorbed, due to the reduction in electrical imbalance (Smart & 
Moore, 1992). The electrical imbalance is caused by the substitution of silica for aluminium 
(isomorphous substitution), resulting in a net negative charge that is countered by 
exchangeable cations (discussed in more detail in Chapters 4 and 5). As such the overall 
exchange capacity of this zeolite will be lower than for a zeolite with high aluminium, low silica 
content.
The sludge-amended soil (RFC) contains predominantly silica oxide (SiC>2 - 53.4 %) 
and aluminium oxide (AI2O3 - 9.1 %). The main elemental oxides are calcium oxide (CaO - 5.8 
%) and iron oxide (Fe2C>3 - 4.7 %). The remaining elemental oxides are present at values of < 2 
%. The water content for this soil was found to be 21.3 %.
The non-sludge amended soil (RFU) contains higher levels of aluminium and silica 
than the sludge-amended soil (RFC): 14.9 % and 70.4 %, respectively. These differences can 
be explained according to the land use at each of these fields. The non-sludge amended soil 
(RFU) has had no input of organic matter (especially sewage sludge) and has been used as a 
paddock for 35 - 40 years. As such there has been little breakdown in soil structure and thus it 
carries a higher percentage of aluminium and silica tetrahedra, a characteristic property of clay 
minerals in soil. Meanwhile, the sludge-amended site has been used for both arable agriculture 
and grazing, having a constant input of organic matter (sewage sludge) and continuous 
breakdown of the soil structure caused by tilling and trampling. Thus, for the sludge-amended 
soil (RFC), as the clay particles become weathered, leaching will result in a reduction in soil 
structure. The main elemental oxides of the non-sludge amended soil (RFU) are iron oxide 
(Fe203 - 8.1 %) and potassium oxide (K2O - 2.0 %). This soil has slightly higher concentrations 
of potassium, manganese and iron oxides than the sludge-amended soil (RFC). The water 
content for this soil was calculated as 1.5 %.
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The anaerobically digested dewatered sludge (ADDS - OX) contains predominantly 
iron oxide (FeaOs -16.6 %), calcium oxide (CaO -16.5 %) and phosphorus oxide (P2O5 -16.5 
%). One would expect high iron and calcium concentrations, since these were added in the 
form of ferrous chloride and lime (calcium carbonate) in the treatment process of this sludge. 
The addition of ferrous chloride to the primary effluent is to chemically precipitate phosphorus 
during aeration. This primary sludge, after thickening, is digested and dewatered with 
secondary sludge containing iron phosphate. Therefore, the end product ADDS will contain 
high levels of iron, calcium and phosphorus. Lime addition to the sludge treatment process can 
have a beneficial effect on the dewatering of the final sludge. Together with anaerobic 
digestion, lime helps to produce a pathogen-free end product, and also helps retain heavy 
metals that may be present in the final sludge by maintaining near-neutral pH. Kiely (1997) 
reported a phosphorus range of between 1 .5-4  % (P2O5 % of total solids) for anaerobically 
digested sludge. Therefore, the value obtained for the sludge (ADDS - OX) is considerably 
higher at 16.6 %. The water content of the sludge was calculated to be 36.1 %.
3.4 Field Characteristics of Soils
Field characteristics such as soil texture and pH allow a semi-quantitative or 
quantitative identification of how the soil will behave with respect to the mobility of heavy 
metals. Also of importance is the particle size distribution (which can be inferred from the 
textural classification), to assess the degree of mobility heavy metals will have in the soil. Soil 
texture, particle size distribution and field pH will be addressed in more detail in the following 
sections.
3.4.1 Soil Texture and Particle Size Distribution
The texture of a soil is a property of the fine earth (< 2 mm) fraction that depends on 
particle-size distribution (Rowell, 1997). The identification of the soil textural class helps define 
the distribution of particles within the soil and their influence on soil properties when the soil is 
subjected to cultivation and weathering. Soils are classed according to the proportions of sand 
(0.05 - 2 mm), silt (0.002 - 0.05 mm) and clay (< 0.002 mm) sized particles (Brady, 1990). Both 
physical properties and the ability of a given soil to supply nutrients are determined to a 
considerable extent by the proportions of different sized particles present (Brady, 1990). Once 
a soil has been allocated to a textural class, its particle-size distribution has been determined 
within broad limits (Rowell, 1997). Triangular diagrams, as shown in Figure 3.3, allow the
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identification of the range of particle-size distributions if soil texture is known, or conversely if 
the particle-size distribution is known the soil texture can be attained.
Figure 3.3: Soil Textural Classes and their Particle-size Distributions
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The distribution of sand, silt and clay particles within a given soil can have an effect on 
the way in which chemical, physical and biological activity takes place. Table 3.2 outlines the 
general properties of the three major inorganic particles found in soil.
Table 3.2: General Properties of the Three Main Inorganic Soil Properties
Property Sand 
(0.05 - 2 mm)
Silt
(0.002 - 0.05 mm)
Clay 
(< 0.002 mm)
Observation method Naked eye Microscope Electron
microscope
Dominant minerals Primary* Primary and 
secondary**
Secondary
Attraction of particles for each 
other
Low Medium High
Attraction of particles for water Low Medium High
Ability to hold chemical nutrients 
and supply them to plants
Very low Low High
Consistency properties when 
wet
Loose, gritty Smooth Sticky, plastic
Consistency properties when dry Very loose, gritty Powdery, some 
clods***
Hard clods
*a mineral that has not been altered chemically since deposition; **a mineral resulting from the decomposition of a 
primary mineral or from the products of the decomposition of a primary mineral; ***compact, coherent mass of soil 
produced artificially.
(Brady, 1990)
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The textural class names - sand, loamy sand, sandy loam, silt loam, clay loam and 
clays - form a graduated sequence from soils that are coarse in texture and easy to handle, to 
the clays, which are very fine and difficult to manage (Brady, 1990).
The textural class (using soil hand texturing key outlined in section 2.2.5), determined 
in triplicate for the sludge-amended soil (RFC) and non-sludge amended soil (RFU), is sandy 
loam.
Both soils exhibit the same textural class and should therefore have similar physical 
properties and characteristics for water and nutrient availability to crops. Based on textural 
class alone, the effect of heavy metal mobility and bioavailability would be similar for both soils. 
However, the influence of organic matter, pH, redox conditions and microbial activity will 
determine fully the impact of heavy metals in these soils. Loams with a fairly even mixture of 
different sized particles generally have the best combination of physical and chemical 
properties in terms of cultivation and crop growth (Rowell, 1997). A sandy loam presents easy 
drainage of excess water, easy cultivation, and a good supply of nutrients for plant use.
Using the triangular diagram in Figure 3.3, the range of particle-size distributions found 
for these soils with a sandy loam texture is: sand 50 - 84 %, clay 0 - 1 8 %  and silt 0 - 50 %.
3.4.2 Soil pH
Soil pH is a measure of the hydrogen ion concentration in the soil water, where a 
change of one unit (1 pH) equates to a change of ten-fold in the hydrogen ion concentration. 
The pH of a soil solution can be expressed as the negative logarithm of the concentration 
(activity) of H+ ions (- log [H+]) in the soil solution (Brady, 1990). Measurement of soil pH is 
critical to understanding the soil's chemical and biological properties. This is mainly due to the 
control pH has on nutrient availability (affecting plant growth), the solubility of aluminium and 
heavy metals and the activity and composition of the soil's microbial biomass.
A soil will become acidic as a result of atmospheric inputs of H+, or compounds which 
produce H+, together with internal production of H+ (Rowell, 1997). Atmospheric inputs include 
'acid rain' compounds such as sulphuric and nitric acids, and carbonic acid produced from the 
interaction of carbon dioxide with the atmosphere. Soils contain their own source of acidity 
produced from (Rowell, 1997):
• dissolved respiration products (carbon dioxide dissolves to produce carbonic acid) from
root and microbial organisms;
• decomposition of soil organic matter;
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• organic acids released from vegetation, soil organic matter and plant roots;
• release of both H+ and OH- from plant roots to maintain electrical neutrality at the root 
surface during the uptake of nutrient ions; and,
• pedogenic minerals releasing H+ during weathering by soil water.
Changes in the pH of the soil solution alter the relative proportions of available and 
unavailable forms of minerals for plant nutrition (Forbes & Watson, 1992). In general, acid soils 
(pH < 5) have low concentrations of Ca2+, Mg2+ and K+, since these cations are readily leached 
and replaced by H+ ions. In soils of near neutral or alkaline pH, the exchange sites in the soil 
tend to become occupied by exchangeable cations such as Ca2+, Mg2+, Na+, and K+. In 
strongly alkaline soils (pH > 8.5) sodium is the dominant cation on the exchange sites due to 
the precipitation of calcium as calcium carbonate (Brady, 1990). In terms of heavy metals, 
nearly all metals (except molybdenum) are mostly soluble and bioavailable at low pHs, and as a 
result, toxicity problems are likely to be more severe in acid environments (Alloway & Ayres,
1997).
Within sludge-amended soils and/or soils polluted from other anthropogenic activities 
the influence of pH on the mobility of heavy metals has been largely studied (Fletcher & 
Beckett, 1987; Kabata-Pendias & Pendias, 1987; Campanella et a i, 1989; Petruzzelli, 1989; 
Alloway & Jackson, 1991; Chaney, 1994). In particular, Chaney (1994) concluded that within 
strongly acidic soils, an increase in plant uptake of Zn, Cd, Ni, Mn and Co increased the 
potential for phytotoxicity from Cu, Zn and Ni. The method of liming used by most farming 
practices to immobilise heavy metals within soils, although reducing the heavy metal uptake by 
plants, has never fully been investigated with respect to the immediate impact of sludge- 
amended metals.
In general each pH level indicates the following (BBSS, 1998; Kebbekus & Mitra,
1998):
pH < 4.0 = soil contains free acids probably as a result of sulphide oxidation;
pH < 5.5 = exchange within the soil's complex is dominated by aluminium;
pH < 7.8 = soil pH is controlled by a range of factors;
pH > 7.8 = soil contains calcium carbonate.
The pH range for most acid peat, mineral and alkali mineral soils is illustrated in Figure 3.4.
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Figure 3.4: Extreme Range of pH for Most Soil Types
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The field pH (preparation details in section 2.2.5) was analysed in triplicate for the 
sludge-amended soil (RFC) and the non-sludge amended soil (RFU). The mean pH ± standard 
deviation values are presented below:
Sludge-amended soil (RFC) - 7.85 ±  0.07
Non-sludge amended soil (RFU) - 6.00 ±  0.42
Both soils show very different pH values. The sludge-amended soil (RFC) shows a pH 
ranging from slight to moderate alkalinity, whereas, the non-sludge amended soil (RFU) shows 
a pH ranging from slight to moderate acidity. As such, the chemical nature of these soils and 
the way in which they provide nutrients to plants will be very different. Figure 3.5 shows the 
relationship existing in mineral soils between pH and the availability of plant nutrients, fungi, 
bacteria and actinomycetes, and heavy metals.
Based on the field pH values (RFC = 7.85; RFU = 6.00) it may be hypothesised that 
heavy metals would be unavailable for plant uptake in the sludge-amended soil (RFC), whereas 
in the non-sludge amended soil (RFU) heavy metals would be more available at pH 6.00 
compared with the sludge-amended soil (RFC). However, Figure 3.5 generalises the effect of 
pH on nutrient and heavy metal availability to plants. This figure does not take into account the 
affect of competing ions, ligands, organic complexes, organic decomposition, etc., and the role 
they play in heavy metal mobility and bioavailability.
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Figure 3.5: pH of Mineral Soils and the Availability of Plant Nutrients and Heavy Metals
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3.5 Initial Laboratory Investigations
The initial laboratory investigations are those tests carried out after all soil, zeolite 
material, sludge and commercial peat were transported to the laboratory. They include 
laboratory pH on air-dried media, calculation of moisture and organic matter content and cation 
exchange capacity.
3.5.1 pH Measurements
The use of fresh material throughout the term of this research was difficult to maintain, 
and as such all collected media (soil, anaerobically digested dewatered sludge and commercial 
peat) was used as either air-dried or oven-dried. The determination of the field pH for the 
sludge (ADDS - OX) was not permitted due to University Health and Safety Regulations, air- 
dried material being used instead.
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The pH of all the air-dried media (preparation details in section 2.3.1.1) was undertaken 
in the laboratory using a Corning 415 analogue pH meter fitted with a Mettler Toledo 407 pH 
electrode. Calibration of the pH meter was performed using both pH 4 and pH 7 reference 
solutions, following the procedure outlined in the Corning 415 manual. Fresh pH solutions were 
prepared once per week. Table 3.3 highlights the air-dried and fresh pH values obtained for the 
research media.
Table 3.3: Air-dried and Fresh pH of Soil, Sludge and Commercial Peat
Media Air-dried pH (mean ±  
std.dev.)
Fresh pH (mean ±  
std.dev.)
Sludge-amended soil (RFC) 7.02 ±0.06 7.85 ± 0.07
Non-sludge amended soil (RFU) 4.75 + 0.06 6.00 ±0.42
Sludge (ADDS - OX) 6.82 + 0.07 ND
Commercial peat (CP) 5.50 ±0.05 ND
(n=3) ND-Not Detected
The air-dried pH values for both the sludge-amended soil (RFC) and the non-sludge 
amended soil (RFU) show a decrease in pH compared with the field values. For the sludge- 
amended soil (RFC) the field pH was 7.85 ± 0.07, compared with a more neutral pH after air- 
drying of 7.02 ± 0.06. The non-sludge amended soil (RFU) had the largest decrease with a 
field pH of 6.00 ± 0.42, compared with an air-dried pH ranging between strong and moderate 
acidity of 4.75 ±0.06.
The air-dried pH for the sludge (ADDS - OX) ranges from slight to moderate alkalinity, 
whereas the air-dried pH for the commercial peat (CP) has a moderate acidity. In terms of 
heavy metal mobility, the sludge (ADDS - OX), considering its pH only, would not present a risk 
for metal mobility and bioavailability. However, the amount of organic matter in this sludge 
would determine its impact on heavy metal mobility and bioavailability through the formation of 
metal complexes.
3.5.2 Moisture Content and Total Dry Solids (IDS)
The moisture content of a soil or other media highlights the amount of available water 
within that medium. The role of water is important in controlling nutrient/heavy metal 
movement, chemical reactions, mineral solubility, aeration, microbial movement and plant and 
microbial activity. Table 3.4 presents the percentage total dry solids (calculated following
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section 2.3.2.1) and percentage moisture content (calculated following section 2.3.1.1) of all 
media used in this research.
Table 3.4: Sludge % Total Dry Solids and % Soil Moisture Contents
Media Total Solids 
(%)
Moisture Content 
(%)
Sludge (ADDS - OX) 24.8 ±1.3 -
Sludge-amended soil (RFC) - 20.3 ±0.5
Non-sludge amended soil (RFU) - 10.5 ±1.2
Commercial peat (CP) - 65.4 ±3.3
(n=3)
Kiely (1997) gave a dry solid content for most dewatered sludges to be between 15 - 
35 %. The percentage total solids found for the sludge (ADDS - OX) lies within this range with 
a value of 24.8 %.
The sludge-amended soil (RFC) contains higher percentage (20.3 %) moisture content 
than the non-sludge amended soil (RFU) (10.5 %). This may be attributed to the continuous 
addition of organic matter, over many years, in the form of sewage sludge to this soil - since 
organic matter has a higher water holding capacity than most soil minerals. High moisture 
content could also be related to the time of sample collection, sample depth and storage 
conditions, however, both soils were collected on the same day, using the same collection and 
storage procedures. Therefore, the non-sludge amended soil (RFU), having been utilised as a 
paddock for a considerable length of time, has had no appreciable amounts of organic matter 
added and thus has lower moisture content.
The commercial peat has relatively high moisture content (65.4 %), due to a high 
organic content, preparation and storage conditions.
3.5.3 Organic Matter Content
The organic matter content of the media tested will help determine the effectiveness of 
the material in terms of water holding, cation exchange capacity and ability to complex with 
most heavy metals (Fletcher & Beckett, 1987; Camobreco et a i, 1996). The importance of 
organic matter in soils and its role in heavy metal mobility and bioavailability is discussed 
further in Chapter 4. Table 3.5 highlights the percentage organic matter content (or percentage 
loss-on-ignition) for the media used (preparation details in section 2.3.1.1 and 2.3.2.1).
Table 3.5: Percentage Organic Matter Content
Media Organic Matter Content (%)
Sludge amended soil (RFC) 30.4 ±5.7
Non-sludge amended soil (RFU) 8.3 ±0.9
Sludge (ADDS - OX) 57.7 ±0.9*
Commercial peat (CP) 93.7 ±0.6
(n=3); *also known as % Total Volatile Matter
As expected the sludge (ADDS - OX) with 57.7 ± 0.9 % and the commercial peat (CP) 
with 93.7 ± 0.6 % have higher percentage organic matter contents.
The sludge-amended soil (RFC) contains higher percentage organic matter content 
than the non-sludge amended soil (RFU). The sludge-amended soil (RFC), according to Allen 
(1989), can be classified as either a humose soil, having an organic matter content of between 
15-30 %, or a peaty soil, having an organic matter content of between 30 - 50 %. The non­
sludge amended soil (RFU), according to Allen (1989), can be classified as a mineralised soil, 
having an organic matter content < 15 %.
Therefore, if the organic content of a soil or sludge is high there is a greater portion of 
heavy metal complexation with organic colloids, leading to increased mobility and bioavailability 
of heavy metals in soils (Fetcher & Beckett, 1987; Fôrstner, 1991; Pickering, 1995; Ritchie & 
Sposito, 1995). Of importance in sludge-amended soils is the decomposition of organic matter 
over time. As decomposition takes place there is a slow release of metals bound as metal- 
organic complexes into the soil environment. This slow release of metals has been seen by 
some to be a 'potential time bomb' because of the high organic matter content in sludges and 
sludge-amended soils (McBride, 1995).
3.5.4 Cation Exchange Capacity
The cation exchange capacity (CEC) is the total sum of exchangeable cations that a 
soil can adsorb (Brady, 1990). It is sometimes referred to as the "total-exchange capacity", 
"base-exchange capacity", or "cation-adsorption capacity". The CEC of a soil depends on the 
mineralogy of the soil, its organic matter content and pH. Mineral soils mostly exhibit a CEC 
from the surface charges on clay minerals, which play an important role in controlling metal 
uptake by plants. The CEC is expressed in centimoles per kilogram (cmol/kg) of soil or other 
adsorbing material such as clay (Brady, 1990). Cation exchange is a consequence of the 
negative electric charges on the colloidal clay and humus particles in soils, and on the 
framework of zeolites and is balanced by the adsorption of positively charged counter ions.
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Typical positive charge ions (cations) include base forming cations such as Na+, K+, Ca2+ and 
Mg2+, and heavy metals such as Cd2+, Pb2+, Cu2+, Ni2+ and Zn2+. Exchangeable cations are 
normally determined by leaching the soil, sludge or zeolite with a neutral salt solution e.g. 
ammonium acetate or sodium acetate. Using an ion exchange process the exchangeable 
cations are displaced and available for measurement in solution. Soil CEC values range 
between 2 and 60 cmol/kg depending on clay content, clay type and humus content (Rowell, 
1997). The range of CEC values commonly found for soils having a textural class of sandy 
loam is 2 -12 cmol/kg (Rowell, 1997). Furthermore, the CEC increases with organic matter 
and clay content of soil because these soil fractions provide a large negative charge density 
(Smith, 1996).
Table 3.6 highlights the CEC values (mean ± standard deviation) obtained for the soils, 
sludge and clinoptilolite samples (preparation details outlined in section 2.3.1.2).
Table 3.6: CEC for all Research Media
Media CEC (cmol/kg)
Sludge-amended soil (RFC) 6.15 ±0.08
Non-sludge amended soil (RFU) 2.77 ±0.15
Sludge (ADDS - OX) 9.24 ±0.36
Clinoptilolite 7.35 ±0.14
(n=2)
Due to the continuous addition of organic matter to the sludge-amended soil (RFC), 
this soil exhibits a higher CEC than the non-sludge amended soil (RFU). The CEC values for 
both soils lie within the sandy loam range highlighted by Rowell (1997). The ADDS (OX) 
exhibits the highest CEC value, having a large organic content.
Using the sodium acetate method the CEC value for the clinoptilolite was 7.35 ±0.14 
cmol/kg. This value appears to be within the range of literature values found for clinoptilolite 
samples - 2.16 cmol/kg (Mumpton, 1983a) and 10 cmol/kg (Olin & Bricka, 1998).
Since the sludge-amended soil (RFC), sludge (ADDS - OX) and clinoptilolite contain a 
high CEC one would expect these materials to have a greater exchange capacity for heavy 
metals, thus reducing the mobility of heavy metals in solution. However, as the soil 
environment changes, e.g. decomposition of organic material and/or change in soil pH, the 
CEC behaviour of these materials will change. In general a reduction in pH results in a 
decrease of the CEC, and conversely an increase in pH results in an increase in CEC.
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3.6 Solution Anion Content
Anions are negatively charged ions (e.g. chloride (Cl ), sulphate (SO42-), nitrate (NO3-) 
and hydrogen-phosphate (HPO42 )) and exist in solution within soils, sludges and zeolitic water. 
In terms of soil geochemistry, adsorbed anions are commonly present in smaller quantities than 
the cations, due to negative charges predominating on the soil colloids. Anion adsorption within 
soils is associated with hydrous oxides of iron and aluminium, some 1:1-type clays, and 
amorphous material such as allophane (Brady, 1990). The anion exchange that takes place 
within the soil environment is important in that it is a means of providing nutrient anions to 
plants, and allows for the movement of heavy metals within the soil environment. Some 
metallic ions such as Ni2+, Cu2+, Zn2+, Cd2+, and Pb2+ may more easily complex with CI-, Br, 
and NOr (Kabata-Pendias & Pendias, 1984), and thus increase their mobility and/or 
bioavailability within the soil system.
The impact of chloride, sulphate, nitrate and hydrogen-phosphate within the soil 
environment are discussed further:
• Chloride (Cl-), Sulphate (SO42-) and Nitrate (NOr) - chlorides, sulphates and nitrates 
are highly mobile anions in the soil environment. Sulphates are most easily solubilised 
and assimilated by plants. This ion is attracted by the positive charges that exist in 
acid soils on clays and hydroxy groups associated with clays. Conditions for release 
and retention of sulphate ions are shown as (Brady, 1990):
OH + KHSO4
Alkaline soils Acid soils
As soil pH increases (with an increase in hydroxide ions) sulphate ions are released 
into solution. The addition of lime to a soil has been shown to increase the 
concentration of anions such as sulphate in soil solution (Motavalli et al., 1993). This 
can be attributed to; 1) sulphate mineralised from soil organic matter by micro­
organisms growing in a more favourable pH environment; 2) sulphate released from 
organic matter by chemical hydrolysis; 3) adsorbed sulphate released from the soil
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surface; or 4) sulphate release from sparingly soluble Fe and Al hydroxyl sulphates, 
which become more soluble at higher pH values (Bolan et a i, 1999). Therefore, one 
can postulate that heavy metal sulphates may be more mobile at higher pH values than 
at acidic pH values.
Nitrate is a highly mobile anion, and is not substantially adsorbed by soil mineral 
components at any pH. As a consequence, nitrates are subject to ready leaching from 
the soil, and move downward freely with the water (Brady, 1990). Nitrate that is 
present in the soil is either incorporated into micro-organisms, assimilated into higher 
plants, lost in drainage or escapes from the soil as a gas (Brady, 1990). Bacterial 
oxidation of ammonium to nitrate is reduced under acidic conditions. The net result is 
that nitrogen tends to be less available when the soil pH falls to below 5.5 - 6.0. Heavy 
metal nitrates, should therefore be more available at higher pH (> 6.0) values.
• Hydrogen-phosphate - A decrease in hydrogen-phosphate adsorption in soils with 
increasing pH can be attributed to the decrease in electrostatic potential for adsorption 
(Barrow, 1984). Whilst, as a result of liming, an increase in hydrogen-phosphate 
adsorption with increasing calcium concentration has been attributed to precipitation of 
calcium phosphate, surface complex formation between sorbed hydrogen-phosphate 
and solution calcium, an increase in ionic strength of the soil solution, the specific effect 
of calcium on electrostatic potential, and the adsorption of hydrogen-phosphate by 
freshly precipitated Fe and Al hydroxides (Bolan et al., 1999). The availability of 
phosphorus to plants is determined by the ionic form present (i.e. H3PO4, H2PO4-, 
HPO42- and P043'), which in turn is dependent on the pH of the solution (Brady, 1990) 
as shown in Figure 3.6.
As can be seen in Figure 3.6, at pH 5.5, H2PO4- is the main phosphorus species 
present in the soil solution. As the soil becomes more alkaline, towards pH 7.5 and 8, 
there is a shift in the availability of phosphorus species, from H2PO4- to HPO42-. The 
relationship characterised in Figure 3.6 does not take into account the presence or 
absence of other compounds or ions that may affect the availability of these 
phosphorus ions. Also, at low pH values, phosphates tend to be fixed by hydrous 
oxides of Fe and Al, whereas at pH values between 6 and 7, phosphates are more 
available. At pH values greater than 7.5, phosphates are fixed mostly as calcium 
phosphates.
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Figure 3.6: Availability of Phosphorus to Soils as a Function of pH
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Nitrates and chlorides are considered to be adsorbed by a non-specific (electrostatic 
attraction) process, whereas the adsorption of hydrogen-phosphate and sulphate involves both 
specific (chemical bond formation) and non-specific adsorption processes (Bolan et al., 1999). 
In general, one would associate a decrease in pH (acidic) with a decrease in the availability of 
chloride, nitrate, sulphate and hydrogen-phosphate. However, one must also consider the 
impact of competing elements such as Fe and Mn oxides, organic-anion ligands, fixation by 
clays, etc.
The anion (chloride (Ch), sulphate (SO42-), and hydrogen-phosphate (HPO42-)) 
concentration of the soils, sludge and zeolite at both an acidic (pH 5.5) and alkaline pH (pH 7.5) 
were determined to identify the availability of these anions in solution (preparation details 
outlined in section 2.3.1.3). Nitrate (NO3 ) ions were not reported in this study due to problems 
encountered during acid washing of sample bottles (using 5 % nitric acid) and pH correction. 
The pH of the solid/deionised water slurry was adjusted using either 1 % nitric acid or 1 % 
sodium hydroxide solutions.
The pH of the solutions was undertaken only at the initial time of correction, i.e. before 
the addition of soil, sludge or zeolite. No measurement was made after contact time with the 
solid media (soil, sludge and zeolite), and as a result, changes in pH due to buffering capacity, 
chemical and microbial compounds may have affected the pH of the slurry during contact time.
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It should be noted however that the method employed here to assess the solution 
anion content (preparation details outlined in section 2.3.1.3) is not a true indication of the anion 
content within soil, zeolite and sludge solutions. Leaching methods using soil to water ratios of 
1 :1 (100 g soil : 100 ml water) or 1 :0.5 (100 g soil : 50 ml water) have been reported (Rowell,
1997). Ideally the pore water contained within the fresh soil/sludge would give a more valid 
indication of solution anions, although obtaining sufficient pore water from field soils can be 
problematic.
3.6.1 Solution Anion Concentration of Soil and Clinoptilolite
The determination of 'acidic' solution (pH 5.5) and 'alkaline' solution (pH 7.5) anions 
helps to assess the availability of anion/metal complexes, and therefore the possibility of 
leaching at these pHs. Figure 3.7 shows the anion concentrations obtained after slurry 
adjustment to pH 5.5 and 7.5 for the sludge-amended soil (RFC), non-sludge amended soil 
(RFU) and clinoptilolite (clino).
Figure 3.7: Sludge-amended Soil (RFC), Non-sludge Amended Soil (RFU) and 
Clinoptilolite (clino) Anion Concentrations - pH 5.5 & 7.5.
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The sludge-amended soil (RFC) contained higher concentrations of chloride and 
sulphate at pH 7.5 (CL - 94.9 ± 0.7 mg/l; S042- - 232.8 ± 8.2 mg/l) than pH 5.5 (CL - 62.1 ± 4.5 
mg/l; SO42- -142.1 ±11.0 mg/l), as would be expected due to the increased availability of these 
anions as the pH is increased. This therefore shows both chloride and sulphate metal
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complexes would be more mobile at high pH values compared with acidic pH values. This soil 
also contained higher hydrogen-phosphate concentrations at pH 5.5 (HPO42- - 386.8 ± 39.7 
mg/l) than pH 7.5 (346.9 ± 20.2 mg/l). The increase in hydrogen-phosphate at low pH values 
does not agree with the theoretical availability of these anions as mentioned in Figure 3.6. At 
low pH values there should be very little hydrogen-phosphate available in solution, with an 
increase in availability at pH values above 6.0. It would seem that chemical effects from either 
soil colloidal minerals or compounds within the organic content of this soil may be hindering the 
availability of hydrogen-phosphate at pH 7.5.
The non-sludge amended soil (RFU) contained higher chloride and sulphate at pH 5.5 
(Cl- -105.9 ± 7.0 mg/l; SO42- - 335.9 ± 7.4 mg/l) compared with pH 7.5 (Cl- - 68.5 ± 12.5 mg/l; 
SO42- -120.6 ± 38.2 mg/l). Although, this trend does not follow the theoretical behaviour of 
these ions, one can therefore see that at lower pH values, metal/anion complexes would be 
more available than at higher pH values. There was no hydrogen-phosphate recorded at pH 
5.5, but that recorded for pH 7.5 (HPO42- - 288.7 ± 30.3 mg/l) can clearly be explained 
theoretically in Figure 3.6.
The clinoptilolite solution contained more chloride and sulphate at pH 7.5 (Cl - 51.8 ± 
4.7 mg/l; SO42 - 12.1 ± 2.5 mg/l) than at pH 5.5 (Cl- - 27.8 ± 1.2 mg/l; SO42 - 8.5 ± 0.5 mg/l). 
Therefore, metal/anion complexes would be more mobile at higher pH values than at low pH 
values. There was no hydrogen-phosphate (HPO42-) recorded for pH 5.5 and pH 7.5.
The overall buffering effect on the contact pH from the soil and zeolite may have, to a 
large extent, affected the availability of these anions in solution and should be taken into 
consideration.
3.6.2 Solution Anion Concentration of Anaerobically Digested Dewatered
Sludge (ADDS - OX)
Figure 3.8 shows the anion concentrations obtained after slurry adjustment to pH 5.5 
and 7.5 for the sludge (ADDS - OX).
For the sludge (ADDS - OX) solution there are higher concentrations of all anions 
compared with the soil solutions. Anion solutions were higher for chloride and sulphate at pH
5.5 (Cl- - 221.0 ± 106.8 mg/l; SO42- - 8045.0 ± 0.0 mg/l) compared with pH 7.5 (Cl - 404.8 ±
272.5 mg/l; SO42- - 13391.5 ± 2468.2 mg/l), as one would expect. Hydrogen-phosphate 
concentrations were higher at pH 5.5 (HPO42- - 997.8 ± 167.3 mg/l) compared with pH 7.5 
(HPO42- - 535.4 ± 49.9 mg/l). Since both the sludge-amended soil (RFC) and the sludge
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(ADDS - OX) contain more hydrogen-phosphate at lower pH values one can hypothesise that 
this may be due to the chemical effects from the organic matter within both samples.
The overall buffering effect from the sludge on the contact pH may have affected the 
availability of these anions in solution.
Figure 3.8: Sludge (ADDS - OX) Anion Concentrations at pH 5.5 and 7.5
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3.7 Summary
This chapter implies that both the sludge-amended soil (RFC) and the anaerobically 
digested dewatered sludge (ADDS - OX) have a CEC, pH, and organic matter content 
indicative of restricting heavy metal mobility and bioavailability. Hooda & Alloway (1998) found 
a positive correlation with soil pH, organic matter, clay content, calcium carbonate content and 
CEC with soil-metal retention. However, the availability of both chloride and sulphate in 
solution at pH 7.5 may suggest heavy metals within these materials may be more mobile at this 
pH - which is near to the initial starting pH of both materials. Also, due to their high organic 
matter content, there is some concern regarding the decomposition of this material, which, 
would result in a release of metal-organic complexes into the soil environment (increasing both 
mobility and bioavailability of heavy metals).
The non-sludge amended soil (RFU), although having the same soil textural class as 
the sludge-amended soil (RFC) has shown to be very different in terms of its physical and 
chemical characteristics. Due to its acidic pH, low CEC, low moisture content and low organic 
matter content, this soil would in theory (based only on the results undertaken in this study)
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present a soil that increases the heavy metal mobility and bioavailability compared with the 
sludge-amended soil (RFC). The availability of both chloride and sulphate is enhanced at pH
5.5 for this soil, suggesting a possible link for heavy metal mobility within this soil.
The results obtained for the clinoptilolite sample raise some concerns over the possible 
affects from impurities (10-15 % of the sample as a whole), which need to be addressed when 
considering the effectiveness of this material in immobilising heavy metals from the soil 
environment. These impurities (mainly clays) will be outlined in more detail in Chapter 4. Of 
the exchangeable cations within this zeolite framework, sodium is the main concern, since it is 
a non-essential element for plant uptake. During heavy metal immobilisation (ion exchange) 
sodium ions will be exchanged and transferred to the soil solution. The effect of these ions on 
plant growth and on other exchangeable cations within the soil solution, will be addressed in 
more detail in Chapter 6. Another concern when using natural zeolites within the soil 
environment is the impact of adsorbing media within the soil for heavy metals compared with 
the zeolite framework, e.g. metal-organic complexation may be more prominent in sludge- 
amended soils, and as a result the sorption of these compounds by zeolites may be lessened. 
The clinoptilolite sample also contains both chloride and sulphate anions at pH 7.5, which may 
complex with heavy metals once in the soil solution.
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C H A P T E R  4
ACID EXTRACTABLE METALS A 
GEOCHEMICAL FRACTIONATION
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4.1 Introduction
For nearly three decades researchers have looked at the potential toxic effects of 
heavy metals in soils and sludge-amended soils with respect to the soil-plant-animal system 
(Bowen, 1966; Kabata-Pendias & Pendias, 1984; Jackson & Alloway, 1991; Depledge et al., 
1994; Berti & Jacobs, 1996; Hooda et al., 1997). Traditional analysis of heavy metals using 
acid digestion techniques, has allowed the analyst to ascertain either the 'total' heavy metal 
content or the 'acid extractable' content. However, these heavy metal digests or extracts are 
insufficient when assessing the environmental impact of heavy metals, since the geochemical 
fraction with which the metals are associated will determine their behaviour and hence mobility 
and bioavailability characteristics. Geochemical fractionation techniques use a succession of 
chemical extractants, from the simplest (water) to more destructive (nitric and hydrofluoric 
acids). Fractionation by selective chemical extraction removes or dissociates a specific phase 
with the associated metal bonded to it.
This chapter details the 'total' and 'acid extractable' content of all media used in this 
research through acid digestion, comparing both microwave and hot-plate digestion techniques. 
Comparison of certified reference data obtained for Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS), Flame Atomic Absorption Spectrometry (FAAS) and X-ray 
Fluorescence (XRF) will also be discussed. Finally, a detailed explanation of the geochemical 
fractions found in soil and their associations will be discussed together with the importance of 
defining geochemical fractionation techniques. Results from a three-step geochemical 
fractionation scheme on the sludge-amended soil (RFC), non-sludge amended soil (RFU) and 
anaerobically digested dewatered sludge (ADDS - OX) will be outlined.
4.2 Heavy Metal Digestion or Extraction Techniques
Many researchers assess the 'total' heavy metal fraction whereas some report the 'acid 
extractable' fraction. The term 'total' heavy metal fraction requires the complete breakdown of 
all geochemical fractions - namely carbonates, oxides, organic and silicate bound heavy 
metals, whereas, the term 'acid extractable' denotes those metals that are released by the use 
of specific acids - depending on the type of soil and acid used, metals can be released from all 
geochemical fractions.
Most conventional methods of heavy metal determination require solid samples to be in 
a solution for aspiration into the instrument (AAS, AES, ICP-AES, ICP-MS, etc) for analysis. 
Depending on the mode of heavy metal detection, samples may be prepared in solution via wet
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decomposition, or as in x-ray fluorescence (XRF) and neutron activation analysis (NAA), 
requiring little and/or no sample pre-treatment.
Nitric acid is the most common acid used for sample decomposition due to its ability to 
digest most heavy metals. A combination or single use of hydrochloric acid (HCI), sulphuric 
acid (H2SO4), perchloric acid (HCIO4), hydrofluoric acid (HF) and hydrogen peroxide (H2O2) with 
nitric acid are sometimes necessary to obtain a higher extraction yield and complete oxidation 
of organic compounds and/or digest refractory compounds, especially silicates (Kebbekus & 
Mitra, 1998).
Samples containing a high content of organic matter (e.g. sewage sludge and plant 
material) require dry ashing before wet decomposition techniques can be carried out. Dry 
ashing involves the sample being heated through a stepwise sequence of increasing 
temperature, to a maximum of 500°C, in a muffle furnace for 12 hours. This method has the 
advantage of removing organic material from the sample, but can also result in a loss of 
elements through volatilisation. Losses of As, B, Ca, Cd, Cr, Cu, Fe, Hg, In, Pb, Sb, Te and Zn 
have been reported above 500°C (Vandecasteele & Block, 1994).
The method used in sample decomposition will greatly affect the amount of heavy 
metal removed. Complete decomposition techniques e.g. closed vessel - microwave digestion, 
allow the sample to be decomposed at controlled high temperatures and pressures. These 
methods have the following advantages (Vandecasteele & Block, 1994; Ward, 1997):
• no volatilisation of elements;
• shorter reaction times and improved decomposition because of the higher 
temperatures (above the boiling point of the reagent);
• nitric acid can be used as reagent for most digestions;
• blank values are decreased because of reduced reagent quantities; and,
• no contamination from external sources.
Meanwhile, open-vessel techniques e.g. hot-plate digestion, although effective in 
destroying both inorganic and organic fractions, may give rise to systematic errors due to 
(Vandecasteele & Block, 1994; Ward, 1997):
• contamination caused by reagents and container material;
• loss of elements caused by adsorption on the surface of the vessel or by
reaction with the vessel material; and,
• loss of elements by volatilisation.
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4.2.1 Inter-analytical Comparison
The standard reference material GBW 07401 Chinese Soil was analysed using both 
digestion procedures (open and closed vessel) and analytical instrumentation (XRF - University 
of Reading, ICP-MS - Agricultural University of Norway, FAAS - University of Surrey) to allow 
an inter-laboratory comparison to be conducted. An inter-laboratory comparison allows the 
estimation of accuracy and precision between different laboratories (in this case using different 
analytical instrumentation) and the affect, if any, of the analytical methodology used. Analysis 
of the closed vessel solutions was performed by ICP-MS (Elan 6000, Agricultural University of 
Norway) and open vessel solutions were performed by FAAS (University of Surrey) - 
preparation details outlined in section 2.3.1.5.
The results obtained for the certified reference material GBW 07401 Chinese Soil by 
XRF, closed vessel (microwave) digestion by ICP-MS, and open vessel (hot-plate) digestion by 
FAAS, are outlined in Table 4.0. The preferred digestion method for heavy metal extraction 
was chosen on the basis of the accuracy and precision of the measured values compared with 
the certified values. Details of the statistical methods used are reported in Appendix A.
Table 4.0: Inter-analytical Comparison of XRF, ICP-MS and FAAS Using GBW 07401 
Chinese Soil
GBW 07401 Heavy metal concentration, mean ±  std.dev. (mg/kg, dry wt)
Chinese Soil Ni Cu Zn Cd Pb
Certified value 20.4 21.0 680.0 4.3 98.0
±2.7 ±2.0 ±39.0 ±0.6 ±8.0
XRF 26.5 20.0 696.0 NA 93.5
(n = 2) ±0.7 ±1.4 ±11.3 ±0.7
ICP-MS 20.2 21.6 700.6 4.5 97.8
(n = 3) ±0.7 ±1.8 ±18.4 ±0.1 ±3.1
FAAS 21.4 24.6 636.2 3.5 93.4
( n = 3) ±2.6 ±0.8 ±52.2 ±0.2 ±5.2
NA = Not analysed
A review of the results obtained for GBW 07401 Chinese Soil show good agreement in 
terms of accuracy (mean) and precision (standard deviation) for all methods and instruments 
used compared with the certified values. Also, for some heavy metals the precision is better 
than that measured for the certified value, e.g. a precision of ± 0.7 for Ni by ICP-MS and XRF 
compared with ± 2.7 for the certified sample. However, the method that has shown better 
accuracy and precision in terms of total heavy metal digestion is the closed vessel (microwave) 
digestion procedure analysed by ICP-MS.
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Analysis of the certified reference material BCR 145R Trace Elements in a Sewage 
Sludge, by closed vessel (microwave) digestion with ICP-MS (Norway) analysis is presented in 
Table 4.1. The certified reference material BCR 145R was analysed only once due to time 
constraints on using the microwave digestion system.
Table 4.1: Analysis of BCR 145R Trace Elements in a Sewage Sludge Using Closed
Vessel Digestion with ICP-MS Analysis
BCR 145R 
Trace elements in a 
sewage sludge
Heavy metal concentration, mean ±  std.dev. (mg/kg, dry wt)
Ni Cu Zn Cd Pb
Certified value 247 ' 696 1222 3.5 286
±7 ±12 ±23 ±0.2 ±5
ICP-MS 243.4 648.4 1919.4 4.6 281.8
(n = 1)
The sludge certified reference material (BCR 145R Trace Elements in a Sewage 
Sludge) although analysed only once shows good agreement for certified values for all heavy 
metals analysed. The use of both nitric acid and hydrogen peroxide with soil and sludge 
matrices, and subsequent closed vessel (microwave) digestion, has shown to provide a 'total' 
heavy metal extraction procedure. Therefore, closed vessel (microwave) digestion for heavy 
metal extraction can successfully destroy all geochemical fractions within the matrix - including 
siliceous material. Closed vessel (microwave) digestion with analysis by ICP-MS (Elan 6000) 
was chosen as the preferred method for the determination of total heavy metals in the research 
media.
4.2.2 Total Acid Digest Results
The samples analysed for total digested heavy metals by closed vessel (microwave) 
digestion followed by analysis by ICP-MS (Elan 6000) were: the natural zeolite clinoptilolite 
(clino), sludge-amended soil (RFC), non-sludge amended soil (RFU), and anaerobically 
digested dewatered sludge (ADDS - OX).
The results obtained for total digested heavy metals are shown in Table 4.2. In 
addition, the Code of Practice for Agricultural Use of Sewage Sludge (MAFF, 1998) maximum 
permitted value ranges are quoted in Table 4.2. No details are provided as to whether these 
values are defined as 'total' or 'acid extractable'. Values highlighted in bold are metal values 
that exceed the MAFF (1998) guidelines.
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Table 4.2: Total Acid Digested Heavy Metals by ICP-MS (Agricultural University of 
Norway)
Sample Total Acid Digested Metals (n = 3) 
mean ±  std.dev. (mg/kg, dry wt)
Ni Cu Zn Cd Pb
MAFF guidelines* 50-110 80-200 200 - 300 3 300
Clino 3.1 9.5 23.7 1.3 5.1
±0.8 ±1.2 ±3.6 ±0.1 ±0.2
RFC 144.4 358.9 521.8 20.0 170.3
±6.4 ±14.7 ±11.4 ±0.4 ±1.2
RFU 31.0 25.9 102.8 1.6 45.3
±1.1 ±2.2 ±9.6 ±0.01 ±0.2
A D D S-O X 31.1 762.2 710.1 2.6 131.9
±1.8 ±2.0 ±15.9 ±0.1 ± 3.5
MAFF, 1998 - guidelines quoted as he range of maximum permissible values over pH 5 to 7
Total digested heavy metal values for the clinoptilolite sample (clino) show values less 
than 24 mg/kg (dry weight) for the metals studied, with cadmium being the lowest concentration 
at 1.3 ± 0.1 mg/kg and zinc the highest concentration of 23.7 ± 3.6 mg/kg. Considering the 
clinoptilolite is to be used to immobilise heavy metals from sludge and/or soil solutions, this 
material does not contain measurable levels of heavy metals compared with the non-sludge 
amended soil (RFU), the sludge-amended soil (RFC) and the anaerobically digested dewatered 
sludge (ADDS - OX).
The sludge-amended soil (RFC) shows total digested heavy metal values greater than 
the guidelines quoted by MAFF (1998) for Ni, Cu, Zn and Cd. In particular, the soil 
concentration of cadmium relative to the MAFF guidelines is 6.7 times higher than the guideline 
figure of 3 mg/kg. However, comparison with the MAFF guidelines is difficult due to the non­
disclosure of the type of digestion used to ascertain these guidelines. McBride et al., (1999) 
quoted heavy metal values for a sludge-amended soil to be: Ni = 92.1 mg/kg, Cu = 321 mg/kg, 
Zn = 1660 mg/kg, Cd = 34.8 mg/kg and Pb = 392 mg/kg (all expressed as dry weight). This soil 
contained appreciable levels of heavy metals, above the guideline values quoted by MAFF 
(1998). However, not all sludge-amended soils have heavy metals values above these 
guideline values. Obbard (2001) analysed an anaerobically digested sludge-amended soil and 
found the heavy metal content to be: Ni = 11 mg/kg, Cu = 33 mg/kg, Zn = 168 mg/kg, Cd = 0.8 
mg/kg and Pb = 44 mg/kg (all expressed as dry weight). In general, the total heavy metal 
contents of sludge-amended soils vary depending on the type of soil, number of sludge
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applications, and the time elapsed since last sludge application (influence from decomposing 
organic matter) and land management undertaken on the site.
The non-sludge-amended soil (RFU) shows total digested heavy metal values below 
MAFF guideline values for all metals analysed. Total digested heavy metal values range from
1.6 ± 0.01 mg/kg for Cd to 102.8 ± 9.6 mg/kg for Zn. The heavy metals values obtained agree 
with literature values quoted for non-sludge amended sandy loam soils (Hooda & Alloway 1994; 
Luo & Christie 1998; McBride etal., 1999; Gove etal., 2001).
The anaerobically digested dewatered sludge (ADDS - OX) shows total digested metal 
values for both copper and zinc exceeding the guideline values of MAFF (1998), 762.2 ± 2.0 
mg/kg and 710.1 ± 15.9 mg/kg respectively. Also, cadmium values for this sludge (2.6 ± 0.1 
mg/kg) are close to the guideline values of 3 mg/kg. Table 4.3 highlights the typical heavy 
metal values found in the literature for anaerobically digested sludge.
Table 4.3: Anaerobically Digested Sludge Typical Heavy Metal Contents
Author(s) Heavy metal con tent (mg/kg, dry weight»
Ni Cu Zn Cd Pb
Petruzelli, etal., (1981) 165 203 1570 3.9 239
Keefer etal., (1986) 65-270 120-185 700-1300 4 280-610
Hooda & Alloway (1994) 259 1031 1408 40 706
Canetetal., (1998) 193 594 1429 5 383
Gove etal., (2001) 64 435 1519 NR 183
NR = Not reported
As illustrated in Table 4.3 the heavy metal values for anaerobically digested sludge 
differ greatly. The heavy metal contents for this media will undoubtedly depend on the 
wastewater catchment area (rural and/or urban), and the treatment adopted.
4.3 Geochemical Fractionation in Soils
To fully understand and appreciate the fate of heavy metal contamination in the 
terrestrial environment one must first understand the physico-chemical properties of the metal 
concerned and the media it is entering. Adequate knowledge of biological mechanisms is also 
essential if we are to understand the residence time, impact on animals and ultimately the effect 
on man. Adsorption of heavy metals into the soil system will greatly depend on the form in 
which the metal enters the soil, range of metal species, charge on the metal entering the soil, 
the pH of the receiving environment, the percentage of organic matter, and the redox conditions
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of the receiving environment. One must also be aware of the inherent changes that take place 
within the receiving media and the effect this will have on the mobility of the heavy metal 
concerned.
Soil components that are involved in the sorption of heavy metals include (Kabata- 
Pendias & Pendias, 1984):
•  clays;
• oxides and hydroxides of Fe, Mn, Al and Si;
• carbonates, phosphates and sulphates; and,
• organic matter.
The following sections will address the specific fractions available in the soil for 
sorption of heavy metals, together with the type of fractionation techniques that are employed to 
remove these bound metal fractions.
4.3.1 Inorganic Soil Colloids
Soils consist of four major components: air (20-30%), water (20-30%), mineral (45%) 
and organic (5%) fractions (Brady, 1990). The soil inorganic and organic solids contain the 
most active part of the soil in terms of colloidal (particles generally < 1 jim in diameter) 
interactions, e.g. heavy metal and nutrient mobility and bioavailability. The inorganic soil 
colloids are predominantly clay minerals, comprising of silicate clay minerals, oxides and 
hydroxides of iron and aluminium, allophane and other amorphous (non-crystalline) minerals. 
In terms of physico-chemistry, and more importantly heavy metal adsorption properties, the 
silicate clay minerals have the greatest influence in the soil.
4.3.1.1 Silicate clay minerals
The silicate clay minerals are aluminosilicates with an ordered internal arrangement. 
They are sometimes termed 'layer silicates' due to the sheets or layers of clay. Their individual 
sizes and shapes depend on their mineralogical orientation and the conditions in which they 
were formed. The basic molecular and structural components of silicate clays are:
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1. A single tetrahedron - a four-sided block consisting of a silicon cation surrounded by 
four oxygen anions (SiCU).
o o = oxygen
• = silicon
aluminium or magnesium cation
o = oxygen or hydroxyl 
• = aluminium or magnesium
o
In clay crystals, thousands of these tetrahedral and octahedral blocks are connected to 
give horizontal planes of silicon and aluminium (or magnesium). These planes alternate with 
planes of oxygen and hydroxyl ions, and in some silicate clays the layers are separated by 
water and adsorbed cations. The specific combinations of sheets, or layers are characteristic 
of the three main groups of silicate clays:
• 1:1 type minerals;
• 2 :1  type minerals; and,
• 2 : 1 : 1  type minerals.
The specific spacing between adjacent layers can often characterise a mineral and 
indicate its properties (Rowell, 1997). Figure 4.0 shows the layer arrangement of the different 
clay minerals found in soils.
Figure 4.0: Layer Arrangement of Clay Minerals
Tetrahedral sheet ^
Octahedral sheet ^
1 :1  layer 
(Adapted from Rowell, 1997)
2 :1  layer 2 : 1 : 1  layer
2. A single octahedron - an eight-sided block in which an 
is surrounded by six hydroxyls (OH-) or oxygens (0 ).
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1 ; 1 type minerals (e.g. kaolinite) - these minerals comprise of alternate octahedral 
(aluminium) and tetrahedral (silica) sheets. These sheets are coupled together to give a layer 
with oxygens on one surface and hydroxyls on the other. This type of mineral tends to form 
larger clay particles of 0.1 to 5 pm, and due to the strong hydrogen bonding that exists between 
layers this mineral does not allow cations and water to enter between the structural layers. Due 
to the strong hydrogen bonding between layers this mineral is fixed, and as such no expansion 
can occur between the layers when the clay becomes wet.
2 : 1 type minerals (e.g. montmorillonite) - these minerals are made up of an octahedral 
(aluminium) sheet sandwiched between two tetrahedral (silica) sheets. Water and cations can 
enter through the structural layers of these minerals; due to the weaker oxygen bonding that 
exists between layers and limited or no hydrogen bonding. Typical shrink-swell characteristics 
exist for this mineral due to the presence of water between the structural layers. This type of 
mineral tends to form smaller clay particles because the layers are easily broken apart, e.g. 
smectite and vermiculite which have particle sizes of 0.01 -1 pm. These minerals have both 
an internal and external surface area for adsorption. The typical specific surface area of 
montmorillonite (total surface area per unit mass, external and internal) is 700 - 800 m2/g, 
compared with 15 m2/g for kaolinite (Brady, 1990). Thus, 2 : 1 type clay minerals have a 
greater sorption capacity for heavy metals than 1:1 type clay minerals.
2 ; 1 Non-expanding minerals (e.g. fine-grained micas - illite) - like montmorillonite these 
minerals have a 2:1 type structure, but have potassium as the predominant interlayer ion. The 
potassium acts as a binding agent preventing the expansion of the crystal, and as such has 
specific surface areas of approximately 80 m2/g (Brady, 1990).
2 : 1 : 1  type minerals (e.g. chlorite) - these minerals are also referred to as 2 : 2 type 
minerals. For chlorite the mineral is made up of typical 2 : 1 layers which alternate with 
magnesium dominated octahedral sheets, giving a 2 :1  :1 ratio. The interlayer sheet is bound 
to the 2 : 1 clay electrostatically and the tetrahedral layer is bound to the interlayer sheet by 
hydrogen bonding. These types of minerals have limited internal surface areas and as such 
very little water and cations can enter between the layers. Thus chlorite crystals exhibit non­
expansion due to the lack of water entering the crystal layers.
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Due to the structure and composition of these minerals they carry a net negative 
charge. This charge arises as a result of (1) isomorphous substitution (permanent) and (2) pH 
dependent charge (variable).
(1) Isomorphous substitution - is where a net negative charge is found where there has 
been a substitution of a lower charge ion for a higher charged ion e.g. in tetrahedral 
sheets substitution of Al3+ for Si4+, or in smectite, vermiculite and chlorite minerals the 
substitution of Mg2+ for Al3+. Isomorphous substitution occurs during mineral formation 
and can be seen as the substitution of one atom by another of similar size in the crystal 
lattice without disrupting the crystal structure of the mineral (Brady, 1990). The net 
negative charge is balanced by cations, which are adsorbed onto the clay particles and 
are exchangeable with other cations.
Isomorphous substitution can also result in a net positive charge where substitution of 
a higher charge ion for a lower charge ion results, e.g. substitution of Al3+ for Mg2+. 
The source of these positive charges is the protonation (attachment of hydrogen ions) 
to the surface hydroxyl groups as soils containing these minerals are acidified (Brady, 
1990). A net positive charge allows the adsorption of anions (nitrates - NO3-, and 
phosphates - H2PO4-) onto the clay minerals.
(2) pH dependent charge - exposed crystal edges result in a pH dependent charge on the 
clay minerals and affect mainly 1 : 1 type minerals, humus, allophane, and iron and 
aluminium oxides. These charges are dependent on soil pH and are associated with 
hydroxyl groups on the edges and surfaces of inorganic and organic colloids. As the 
soil pH increases, the hydrogen ions dissociate from the hydroxyl group, resulting in a 
negative charge. If the soil pH is increased further more hydroxyl ions are available for 
dissociation and the negative charge on the particle surface increases. If the pH 
decreases, the hydroxyl ion concentration decreases, and thus the negative charge on 
the particle surface decreases.
The comparative properties of three major types of silicate clay minerals can be seen in 
Table 4.4. Clearly the expanding 2 : 1 type minerals (e.g. montmorillonite) exhibit a higher 
external and internal surface area, and hence show a greater capacity for exchangeable 
cations than the other minerals.
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Table 4.4: Properties of Three Major Types of Silicate Clays
Property 2:1 minerals - 
montmorillonite 
(expanding)
2:1 minerals - fine 
grained mica (non­
expanding)
1:1 minerals - 
kaolinite
Size ( |L im ) 0.01-1.0 0.1-2.0 0.1-5.0
External surface High Medium Low
Internal surface Very high Low Low
Dominant negative 
charge
Permanent Permanent pH-dependent
Cation exchange 
capacity (cmol/kg)
80-120 5-40 3-10
(Adapted from Brady, 990)
4.3.1.2 Oxides and Hydroxides
Minerals of silicon oxide, aluminium oxide, iron oxide and hydroxides can be found in 
soils. Clays composed of iron and aluminium oxides and hydroxides occur in temperate 
regions intermixed with silicate clays, and tend to be dominant in highly weathered soils of the 
tropics and subtropics, e.g. gibbsite and goethite (Brady, 1990). The oxides and hydroxides 
consist of a dense packing of oxygen ions, held together in specific coordination by metal 
cations (Higginson, 1995). This specific coordination results in minerals having regular 
(crystalline) to irregular (amorphous) orientations.
In terms of the adsorption of heavy metals in soils, the oxides and hydroxides of both 
iron and manganese, which are common constituents in soils, are very important. Also, iron 
oxide generally determines the colour of some horizons found in soil profiles. Iron commonly 
occurs in soil in the 2+ and 3+ oxidation states while manganese occurs in the 2+, 3+, and 4+ 
oxidation states (Evangelou, 1998). Iron and manganese oxides occur in soils as coatings on 
soil particles, as fillings in cracks and veins and as concretions or nodules, and exhibit high 
sorption capacities for exchangeable cations (Kabata-Pendias & Pendias, 1984).
Iron and manganese oxides have similar structural characteristics to gibbsite, AI(OH)3, 
which can be found in soils in large quantities (Evangelou, 1998). Manganese oxides differ 
from iron oxides in that they are exclusively an octahedral arrangement, i.e. having oxygen at 
the corners of the octahedron instead of hydroxyls.
Sorption of heavy metals and/or trace elements occurs through the isomorphous 
substitution of divalent or trivalent cations for iron and manganese ions. A high sorption 
capacity of iron oxides for phosphates, molybdates, and selenites is common and is highly pH 
dependent, being lower at high pH values (Kabata-Pendias & Pendias, 1984). Metal oxides 
occur in soils as free oxides, on clay mineral coatings and/or clay edges.
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Metal oxides exhibit charge due to protonation and deprotonation of the oxygen 
coordinated to the metal (Evangelou, 1998) - hence variable or pH dependent charge as in the 
silicate clay minerals. The pH dependent charge can be either positive or negative depending 
on the soil pH, and is shown schematically in Figure 4.1.
Figure 4.1: Schematic Showing the Effect of Variable Charge on an Iron Oxide Surface
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(Adapted from Evangelou, 1998)
Under acidic conditions an excess of adsorbed hydrogen ions results in a net positive 
charge at the oxygen and hydroxyl groups. At high pH conditions oxygen deprotonation occurs 
with the surface gaining a net negative charge, and at near neutral pH, the positive and 
negative charges are equal (point of zero charge - PZC).
Oxides and hydroxides of iron and manganese, having a pH dependent negative 
charge, exhibit cation exchange capacities in the range 1 - 30 cmol/kg, similar to kaolinite. 
Bruemmer (1986) observed that the adsorptive capacity of amorphous Fe and Al oxides for Zn 
were 7 and 26 times greater than their CEOs at pH 7.6. Soils with high hydrous oxide contents 
therefore have the ability to hold more heavy metals than soils with low oxide levels.
4.3.1.3 Carbonates, phosphates, sulphides, sulphates and chlorides
Carbonates - the most common carbonate minerals found in soil are calcite (CaCOs) 
and dolomite (CaMg(OO^). Calcite, occurring geologically as chalk and limestone, is the most 
mobile form of calcium carbonate present in the soil. Heavy metals may co-precipitate with 
carbonates, being incorporated in their structure, or may be sorbed by oxides (mainly iron and 
manganese) that were precipitated onto the carbonates or other soil particles (Kabata-Pendias 
& Pendias, 1984). The greatest affinity for reaction with carbonates has been observed for Co, 
Cd, Cu, Fe, Mn, Ni, Pb, Sr, U and Zn (Kabata-Pendias & Pendias, 1984). Carbonates maintain
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alkaline conditions in soils and influence the growth of plants through the direct effect of 
dissolved bicarbonate and the indirect effect of high pH on the solubility and availability of 
nutrients, particularly phosphorus, copper, zinc, iron and manganese (Rowell, 1997).
Phosphates - although crystalline forms of phosphates are rare in soils, amorphous 
mixtures of calcium, iron and aluminium phosphate exist. The solubility of metal-phosphates in 
soils is highly pH dependent (generally increasing as pH decreases) because of the protonation 
potential of the phosphate species (Evangelou, 1998). The adsorption of phosphate species in 
soils involves two main mechanisms (Stumm & Morgan, 1981):
• chemical bonding to positively charged edges; and,
• substitution of phosphates to silicates in clay structures.
Sulphides, sulphates and chlorides - have developed during humid conditions and are 
present in the soil in trace amounts. However, they are important in determining the mobility 
and bioavailability of heavy metals in soils. Sulphates, e.g. gypsum (CaSO^H^O), together 
with some carbonates, are relatively soluble depending on soil pH. Sulphides, e.g. pyrite 
(FeSa) under reduced conditions to ferrous sulphate can also become more soluble. The 
formation of an ion pair with chloride has been shown to more than double the mobility of 
cadmium in the presence of 200 mol/m3 of NaCI (Ritchie & Sposito, 1995). Therefore, in saline 
soils the potential for the mobility of cadmium with chloride is increased.
4.3.2 Organic Matter
Organic matter in soil can generally be termed anything that is living or dead in the soil. 
The non-living components of a soil are those organic components formed by the decay of 
living organisms. These are organic compounds formed by the chemical and biological decay 
of, mainly, plant material (Higginson, 1995). The composition of soil organic matter includes 
(Brady, 1990):
• plant and animal residues;
• living micro-organisms, soil animals and plant roots;
•  specific organic substances (simple sugars, amino-acids, fats and oils); and,
• humus substances.
Decomposition through animals and micro-organisms causes changes in composition 
to produce humus in the form of highly complex and very large organic molecules (Rowell,
1997). Humus, by definition, "is a complex and rather resistant mixture of brown or dark brown
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amorphous and colloidal substances modified from the original tissues or synthesised by the 
various soil organisms" (Brady, 1990). Humus can be considered as an amorphous compound 
with varying external dimensions, large internal surface area, variable charge (pH dependent), 
and a strong tendency to form complexes with certain cations (Higginson, 1995). Humus 
colloids consist of carbon, hydrogen and oxygen, unlike the crystalline components of the 
silicate clays (silicon, aluminium, iron, oxygen and hydroxyl groups).
The major sources of negative charge on organic colloids are thought to be partially 
dissociated hydroxyl (-OH), carboxylic (-COOH) and phenolic hydroxyl (aromatic ring-OH) 
groups, with carboxylic groups becoming dissociated between pH 4.5 - 7, and phenolic groups 
at a higher pH (Brady, 1990). At very low pHs (acid conditions), the negative charge on the 
humus colloids is low. However, a rise in pH allows the dissociation of hydrogen ions in the 
carboxylic and other groups. The result is a net negative charge that increases as the pH 
increases further. Typical cation exchange capacities for humic colloids are 300 cmol/kg 
(Brady, 1990), much higher than the silicate clays (3-120 cmol/kg), therefore having a greater 
capacity to sorb cations from the soil solution.
The mechanisms involved for heavy metal and soil colloid (clay, humic substances, or 
combination) interactions are based on ion exchange, surface sorption, chelation, and 
coagulation reactions. The extent of heavy metal retention by humic colloids in soils varies with 
ionic strength, pH, type of clay minerals present, type of functional groups, and type of 
competing cations (Evangelou, 1998). The types of interactions involved within metal-organic 
complexes in determining the solubility of metals as a function of pH, include (Evangelou,
1998):
• protons competing with cations for organic binding sites;
• hydroxyl ions competing with humic substances for the cationic metal ion; and,
• soft metals competing with hard metals for organic functional groups.
The ability of humic colloids to form strong complexes with the silicate clays is very 
important. The mechanisms of these clay-humic complex formations, although varying in terms 
of the type of clay mineral involved, include (Evangelou, 1998):
• anion and ligand exchange to clay edges;
• cation or water bridges to basal clay surfaces;
• hydrogen bonding to the siloxane or gibbsite sheet;
• van der Waals forces;
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•  trapping in the crystal pores; and,
• adsorption in interlayer spaces.
Complexation of humic colloids (and/or humic-clay colloids) with heavy metals helps to 
increase the total soluble concentration of a metal and hence its potential mobility and 
bioavailability. Organic ligands such as humate, fulvate, citrate, and polyphenols are the major 
complexers involved, but are effective only if the soluble organic complex does not become 
saturated and precipitate (Ritchie & Sposito, 1995).
4.3.3 Other Factors Affecting Heavy Metal Sorption in Soils
In soil systems, one must be aware that both anaerobic and aerobic processes may be 
taking place simultaneously, and as a result the effectiveness for soil colloidal minerals to sorb 
heavy metals may be continuously changing. The addition of sewage sludge to a soil, with 
sludge metal content in various physico-chemical forms, can alter the distribution of heavy 
metals once within the soil system and thus affect their mobility and bioavailability. One must 
also be aware that the treatment method used for sludge digestion can influence the 
concentrations and physico-chemical forms of heavy metals in sludges and thus have 
implications for mobility and bioavailability once within the soil system.
Waterlogging in soils, has a direct effect on redox conditions within a soil, and as such 
can alter the degree of adsorption by hydrous oxides of Fe and Mn particles. Petruzelli (1989) 
observed that a decrease in redox potential of a given soil resulted in an increase in availability 
of heavy metals owing to the dissolution of some oxides, which kept some metals (e.g. copper 
and zinc) sorbed.
The physical state of the soil may also have a marked effect on the mobility and 
bioavailability of heavy metals within the soil system. Tillage practices affect the microbial 
content of a soil, which in turn will affect both the physical and chemical state of the soil 
environment. Also of importance is change in land use and the affect of this on the chemical, 
physical and biological processes in soils, and, indirectly, the environment. Cultivation has 
been shown to reduce organic matter content of soil and thus can lead to increased erosion as 
the finer, nutrient-rich particles of clay and organic matter are preferentially lost (Goulding & 
Blake, 1998).
When assessing the impact from different sludge processing methods, Richards et a i, 
(1997) observed that incinerated sludge ash contained the most mobile heavy metals (apart
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from Cd and Pb which were lost through volatilisation) for land application. The researchers 
found pelletisation and dewatering of sludge products to contain similar amounts of mobile 
metals, with composting producing less mobile heavy metals overall.
Impact from soluble salts, resulting in an increase in both salinity and sodicity of a soil, 
can also have a negative impact on the mobility and bioavailability of heavy metals. A saline 
soil contains enough soluble salts to disrupt plant growth, and a sodic soil contains enough 
exchangeable sodium to have an adverse effect on plant growth (Evangelou, 1998). 
Adsorption of heavy metals may be reduced in saline and/or sodic soils as a result of the 
dispersion of soil colloidal material, which in turn affects water availability to plants, soil 
structure, and an increase in ions with an inhibitory effect on biological metabolism (Evangelou,
1998).
4.3.4 Minerai-Solution Interface in Soils
Most geochemical reactions in nature involve many processes taking place at the 
mineral-solution interface, and the rate of reaction of these processes will largely depend on the 
physico-chemical nature of both the mineral surface and the solution. The common physico­
chemical reactions that occur in soil and the specific phases where they are applicable are 
shown in Table 4.5.
Table 4.5: Common Physico-chemical Reactions in Soils
Soil Components Chemical Reactions
Solution phase 
(e.g. gas and liquid)
• Ion concentrations and activities
• Solute or water diffusion and flow
• Ion hydrolysis and polymerisation
Soil surface 
(linkage with other surfaces)
• Exchangeable ions
• Intercalates
• Complexes
• Fixation
• Hydrolysis and polymer formation
• Adsorption
• Solubility
• Electrical phenomena
Solid phase • Solid phase composition
• Crystal structure
• Clay minerals
• Oxides and hydroxides
• Substitution in solids and imperfect crystals
(Higginson, 1995)
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The chemical reactions outlined in Table 4.5 play an important role in determining the 
following characteristics of the soil environment (Higginson, 1995);
• pH and soil acidity;
•  salinity and sodicity;
• infiltration, drainage and availability of water;
•  erosion;
• soil as a sink for pollutants;
• fertiliser application;
• nutrient uptake and availability; and,
• structural formation and regeneration (e.g. swelling and shrinking).
The accumulation of ions near the mineral-solution interface has an arrangement, 
which can be termed an electric double layer (Krauskopf & Bird, 1995). An electric double 
layer, as shown in Figure 4.2, has two main layers of ions. The first layer, or inner layer, is 
attached and thus fixed to the mineral surface - Stern layer. This layer reflects the particle 
charge established from specifically (inner-sphere complex) and non-specifically (outer-sphere 
complex) adsorbed counter ions (Bolan et al., 1999). The second layer contains a more diffuse 
outer layer where ions are free to move in solution - Gouy layer.
Figure 4.2: Electric Double Layer
Mineral Surface Solution
Layer of fixed cations)
o
(Krauskopf & Bird, 1995)
where, aPsc = permanent structural charge; + = cations in solution; - = anions in 
solution, and; circles about these ions denote solvation by water molecules.
In the Gouy layer the local electrical imbalance of anions and cations (adiffuse) 
decreases exponentially away from the mineral (Krauskopf & Bird, 1995), as shown in Figure
(Krauskopf & Bird, 1995)
where, y-axis denotes the total electrical charge (a); apse = permanent structural 
charge of the mineral; a rexn = net electrical charge of fixed ions at the mineral-solution interface 
(including both inner sphere and outer sphere complexes); adiffuse = ions in the diffuse layer, 
and; K*1 = the distance from the mineral-solution interface to the centre of charge in the diffuse 
layer.
The Gouy layer (diffuse layer of ions), has an impact on both anion and cation mobility 
in the soil solution, e.g. compaction of clay colloidal minerals in a soil will allow the movement of 
water and cations through pore spaces but repel anions from their structure, thus resulting in 
the leaching of anions from solution. The Gouy layer around clay minerals can be seen as a 
net occupation of cations, which helps to balance the minerals net charge. The nature of the 
atomic sites exposed at the mineral surface, and the charge on the surface, control the types of 
aqueous species that accumulate on the mineral surface and the ability of these ions to 
exchange with other ions in the solution (Krauskopf & Bird, 1995). The greater the proportions 
of the soil moisture present within the diffuse layer, the greater its influence on the behaviour of 
the soil (Higginson, 1995). Therefore, the more clay colloidal particles present in the soil, the 
greater the effect the diffuse layer has on the soil environment.
However, using the electric double layer theory to quantitatively describe the impact of 
soil minerals within a soil is difficult since soil minerals are not perfect in shape, i.e. not 
spherical or flat. The electric double layer can however be used at a qualitative level to explain 
the behaviour of soil minerals in solution, e.g. dispersion, flocculation, soil permeability, and 
cation and/or anion adsorption (Evangelou, 1998).
4.3.
Figure 4.3: Net Charge at the Mineral-Solution Interface
^diffuse
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If the concentration of electrolytes increases, a reduction in the thickness of the electric 
diffuse double layer occurs, which in turn enhances the neutralisation of negatively charged 
surfaces (Bolan et al., 1999). As a result the electrostatic repulsive forces between clay 
colloids are reduced. Under this condition soil humic polyanions interact with soil inorganic 
colloids and organomineral complexes are formed (Bolan eta!., 1999).
As described above, soil colloidal minerals play an important role in the sorption, 
mobility and bioavailability of nutrients and heavy metals in the soil environment. Solute ions, 
complexes and molecules in the soil solution, in general, react with the surface of these 
colloidal minerals by two main processes: sorption and ion exchange.
4.3.4.1 Sorption mechanisms in the soil mineral-solution interface
The process of accumulation of solute species of nutrients and heavy metals and/or 
complexes on the surface of a colloidal mineral is termed sorption. Sorption mechanisms have 
a strong influence on the mobility and bioavailability of nutrients and heavy metals in the soil 
environment and occur through three main processes (Krauskopf & Bird, 1995):
•  surface precipitation - the formation of new, bulk, solid-phase materials. Mineral 
surface may also catalyse ion precipitation via simultaneous adsorption of cations and 
anions, i.e. when the solution activity of two ionic species (anions and cations) 
reaches the saturation point with respect to a given mineral, surface precipitation 
follows (Evangelou, 1998);
•  absorption or co-precipitation - the incorporation of solute species into the mineral 
structure either by diffusion or by dissolution of the mineral and re-precipitation; and,
• adsorption - the accumulation of aqueous species on the mineral surface without 
formation of a three-dimensional molecular arrangement typical of a mineral.
Sorption of heavy metals is strongly influenced by the presence of clay minerals, 
particularly when these are coated with hydroxides or other colloidal components (organic 
and/or inorganic). It should be noted that other processes are also involved in the sorption 
phenomena including mineral formation, uptake by mezo- and microbiota and uptake by plant 
roots (Kabata-Pendias & Pendias, 1984).
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4.S.4.2 Ion exchange mechanisms in the soil mineral-solution interface
As mentioned earlier in section 4.3, clay colloidal minerals, hydroxides and oxides of 
Fe and Mn, and organic colloids, all exhibit electrical charges associated with their surfaces. 
The majority of clay colloidal minerals show a permanent negative charge, which can hold 
exchangeable cations close to the mineral surface. The 1 : 1 type clay minerals, oxides and 
hydroxides and organic colloids exhibit a pH dependent surface charge, and as a result of this 
variable charge they hold exchangeable cations and anions depending on the extent of the 
change in pH.
The extent to which the soil colloidal complex (including clays, oxides and hydroxides 
and organic colloids) can exchange with the various adsorbed cations within the mineral 
interface is termed cation and/or anion exchange, or both - namely ion exchange.
Ion exchangers, such as the soil inorganic and organic colloidal complex, and of 
particular interest in this research - zeolites, are by definition insoluble solid materials, which 
carry exchangeable cations and anions. Emphasis of the ion exchange mechanisms of natural 
zeolites will be addressed in Chapter 5. In terms of this research, the type of colloidal minerals 
present within the soil will also influence the remediation of sludge-amended soils by ion 
exchange, using natural zeolites. The main difference between ion exchange and sorption 
mechanisms is that ion exchange involves a stoichiometric process, i.e. every ion removed is 
replaced by an equivalent amount of another ionic species of the same sign (Helfferich, 1995).
Anions and/or cations can be exchanged for a stoichiometrically equivalent amount of 
other ions of the same sign when the ion exchanger is in contact with an electrolyte solution 
(Helfferich, 1995). An example of cation exchange in soils can be seen during the 
decomposition of organic matter. As a result of decomposition hydrogen ions are released 
which displace calcium and other metallic cations from the colloidal complex (Brady, 1990). 
Figure 4.4 shows a schematic representation of this process.
Figure 4.4: Cation Exchange on Colloidal Complexes
Ca2+ + 2H+ + Ca2+
Colloid complex 
(Adapted from Brady, 1990)
Colloid complex
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In Figure 4.4, the exchange of calcium by hydrogen is chemically equivalent and the 
process is reversible after the addition of calcium. Thus the ability for cations to be exchanged 
from a soil determines the extent to which heavy metals and nutrients become mobile or 
bioavailable.
The factors controlling the degree of exchangeable ions present in soils depends on:
• dissolution of minerals by rain and groundwater, atmospheric deposition in coastal 
areas, fertilizer, lime and agricultural inputs (Rowell, 1997);
•  amount of exchangeable ions removed by plants and cycled through plant decay;
• amount lost due to leaching - with those cations having least affinity for exchange sites 
being most easily leached (Rowell, 1997). The extent to which these ions are 
attracted depends on the size and charge of the hydrated ion to be exchanged. The 
hydrated ionic size and charge thus determines the extent to which the ion can be 
exchanged. A detailed explanation of the effects and selectivities of various cations 
for exchange sites will be discussed further in Chapter 5.
4.3.5 Sequential Extraction/Geochemical Fractionation Techniques
Spéciation studies, largely looking at the specific geochemical fraction in which the 
heavy metals are associated, have become increasingly popular. This allows one to 
understand how the heavy metals are fractionated within a sludge or soil, and thus help 
determine the mobility and hence bioavailability of such heavy metals within the soil-plant 
system. Fractionation can also help gain an understanding of the potential contamination of 
groundwater following sludge application.
Soil heavy metals are found in a variety of physico-chemical forms, including those that 
are (Berti & Jacobs, 1996):
•  free or complexed ions in soil solution;
•  adsorbed at the surfaces of clays, Fe and Mn oxyhydroxides, or organic matter 
that are easily exchangeable;
• present in the lattice or secondary minerals such as phosphates, sulphides or 
carbonates;
• occluded in amorphous materials such as Fe and Mn oxyhydroxides, iron 
sulphides, or organic matter; and,
• present in the crystal lattices of primary minerals.
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The understanding of the heavy metal ion association with specific geochemical 
phases and the heavy metal release from these phases is important. Table 4.6 shows the 
typical heavy metal species distribution patterns in soil/sediment and the chemical reactions 
that can promote the release of these metals from specific phases.
Table 4.6: Metal Ion Association in Soil/Sediment Samples
Soil/sediment component Metal content source Release mechanism
Precipitated compounds 
Carbonates
Sulphides
Hydroxides and oxides of 
Fe/Mn
Physically sorbed 
Co-precipitated 
Pseudo-morphosis 
Co-precipitated metal 
sulphides 
Physical sorption 
Co-precipitated 
Chemi-sorbed
Change in pC02 
Dissolution in weak acids
Oxidation of S
Reduction of Fe/Mn to lower 
valency
Organic acid compounds Sparingly soluble metal salts; 
metal complexes
Lowering pH
Destruction of organic matter
Residual organics 
Lipids, humic substances Physical sorption 
Chemi-sorption 
Metal complexes
Destruction of organic matter; 
displacement by ligands 
(EDTA)
Rock fragments Crystal lattices, metal bonded 
in inert positions
Destruction of basic lattice
(Pickering, 1995)
Distribution patterns (degree of association with components of the soil/sediment) are 
often described in terms of the mode of binding, e.g. ion exchangeable, weakly sorbed, chemi- 
sorbed, complexed, etc., (Pickering, 1995). The sequence of chemical steps required to 
fractionate the heavy metal content into different chemical or geochemical phases is termed 
either sequential extraction, or geochemical fractionation.
Sequential extraction techniques use successive chemical extractants of various types 
in order of greater destructive ability and therefore possess greater sensitivity than a single 
extraction procedure. Specifically defined 'spéciation' of soils and sediments is difficult due to 
numerous environmental variables. Consequently, operationally defined 'spéciation', using 
sequential extraction schemes have been developed for assessing geochemical forms in soil 
and sediment (Lagerwerff & Specht, 1970; Tessier et al., 1979; Harrison et a i, 1981; Ma & 
Rao, 1997; Zufiaurre et al., 1998). Fractionation by selective chemical extraction removes or 
dissociates a specific phase with the associated metal bonded to it.
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Beckett (1989) summarised the use of chemical extractants in studies on trace metals 
in soils, sludges and sludge-amended soils. The specific chemical used and the extractable 
metal removed is summarised in Table 4.7.
Table 4.7: Chemical Extractants Used in Sequential Extraction/Geochemical
Fractionation Techniques
Chemical Used Fraction Removed
Deionised water Water Soluble - fraction of metals that are water soluble.
Strong solutions of 
the chlorides or 
nitrates of K, Mg and 
Ca
Exchangeable, neutral salt exchangeable, and non-specifically 
adsorbed - reagents act as sources of cations to displace metals 
held on inorganic and/or organic sites predominantly held by 
electrovalent forces.
Acetic acid Available - ascertain plant nutrients in the soil. Used to extract 
metals that have been bound onto Fe and Mn oxides, decomposed 
organic matter, and carbonates.
Acetates Cation exchange capacity - used to extract the exchangeable 
metals from all colloidal material.
EDTA* Carbonate bound, Fe and Mn oxides, and organically bound -
depending on the concentration of EDTA used.
DTPA** Exchangeable and organically bound
Hydrogen peroxide Organically bound - used to dissolve organic matter in soil and 
thus release organically bound metals.
Sodium hydroxide Organically bound - used to mobilise organically bound metals, 
and carbonate bound.
Nitric acid Total - used as an oxidising agent to remove all metals. 
Hydrofluoric, hydrochloric and nitric acid combinations are nearly 
always required to dissolve sulphides.
(Adapted from Beckett, 1989) *Ethylenediaminetetracetic acid; **Diethylenetriaminepenta-acetic acid
A brief overview of the sequential extraction/geochemical fractionation schemes that 
have been used over the past 30 years, are presented in Table 4.8. Interestingly, there has 
been a change in chemical throughout the years to define particular phases, e.g. exchangeable 
fraction includes KNOs (Stover et al., 1976; Petruzelli et a i, 1981; Emmerich et al., 1982; 
Sposito et al., 1982; Beckett, 1989; Chu et al., 1998), MgCb or NaOAc (Tessier et al., 1979; 
Hickey & Kittrick 1984; Ma & Rao, 1997) and acetic acid (Nyamangara, 1998); 'total' heavy 
metal fraction using nitric acid only (Sposito et al., 1982), combination of nitric and hydrofluoric 
(Petruzelli et al., 1981) and hydrofluoric and perchloric (Tessier et al., 1979).
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Table 4.8: Sequential Extraction/Geochemical Fractionation Procedures Over the Past 30 
Years
Reference Amount 
of soil 
used (g)
Extractant used Geochemical Fraction
Stover et al. 
(1976)
NR • IMKNO3
• 0.5M KF
• 0.1M Na4P207
• 0.1 M EDTA
• IMHNO3
•  Exchangeable
• Adsorbed
• Organically bound
• Bound to carbonates
• Bound to sulphides
Tessier et al. 
(1979)
1.0 (o.d) •  1M MgCb or 1M NaOAc
• 1M NaOAc with HO Ac
• 0.3M Na2S204, 0.175M 
Na-citrate, 0.025M H- 
citrate, or 0.04M 
NH2OH.HCI in 25% 
HO Ac
• 0.02M HNO3, 30% 
H2O2, and 3.2M 
NH4OAc
• HF-HCIO4
• Exchangeable
• Bound to carbonates
• Bound to Fe-Mn oxides
• Bound to organic matter
• Residual
Petruzelli et al. 
(1981)
NR • Deionised water
• IMKNO3
• DTPA
• HF/HNO3
• Water soluble
• Exchangeable fraction
• Availability index
• Total trace metals
Emmerich et 
al. (1982)
1.0 • 0.5M KNOs • Water soluble and 
exchangeable
Sposito et al. 
(1982)
2.0
2.0
• 4M HNO3
• 0.5M KNOs
• deionised water
• 0.5M NaOH
• 0.05M Na2-EDTA
• 4M HNO3
• Total trace metals
• Exchangeable
• Sorbed
• Organically bound
• Bound to carbonates
• Bound to sulphides
Hickey & 
Kittrick (1984)
1.0 • 1M MgCI2
• 1M NaOAc
• 0.04M NH2OH.HCI in 
25% acetic acid
• 0.02M HNO3, 30% 
H2O2. 3.2M NH4OAc in 
20% HNO3
• conc. HF and conc. 
HCIO4
•  Exchangeable
• Bound to carbonates
• Bound to Fe-Mn oxides
• Bound to organics
• Residual
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Table 4.8: (conltinued)
Lake et al. 
(1984)
NR • Distilled water/ tap 
water or 0.06M CaCh
• 0.095M citric acid or 
0.42M acetic acid or 
0.5M HCI solution or 
0.5M acetic acid or 
0.05M EDTA
• Soluble
• Available
Sanders et al. 
(1987)
0.5 (a.d) 
0.5 (a.d)
• Aqua regia digestion
• EDTA or DTPA or 0.1 M 
CaCI2
• Total trace metals
• Exchangeable (bioavailable)
Beckett (1989) NR • Deionised water
•  2M KOI or 0.5M KNOs 
or 0.05M CaCb or 0.25
-  0.5M Ca(NC>3)2 or 0.5
-  1M MgCh or 0.3M 
LaCIs
• 0.05M Cu acetate
• 1M acetic acid
• 0.44M acetic acid plus 
0.1 M calcium acetate
• 0.44M, 2.5% or 0.5M 
acetic acid
• 0.05M N32-EDTA or 
0.5M Na2-EDTA
• 0.4M EDTA or H2O2 or 
NaQH
• DTPA
• HNO3 or HNO3 plus HF
• Water soluble (exchangeable or 
specifically adsorbed forms)
•  Exchangeable, neutral salt 
exchangeable. Nonspecific 
adsorption
• Less simple salts
• Available
• ‘Acid -  soluble’ metals
• ‘Specifically bound’ or 
‘Specifically adsorbed’ metals
• Bound to carbonates
• Organically bound
• Exchangeable and organically 
bound
• Total trace metals
Jackson & 
Alloway (1991)
5.0 • 1M ammonium nitrate
• 0.05M calcium chloride
• 0.05M Na2-EDTA
• Bioavailable
• Bioavailable
• Bioavailable
McGrath & 
Cegarra 
(1992)
NR • 0.1 N CaCI2 • Exchangeable and adsorbed
Berti & Jacobs 
(1996)
0.5 • deionised water
• 0.5M Ca(N03)2
• 0.44M CH3COOH and 
0.1MCa(NO3)2
• 0.1 M NH2OH.HCI and 
O.OIMHNO3
• 0.1 M Na4P207
• 0.175M (NH4)2C2 0 4  and 
0.1 M H2C2O4 (oxalate 
reagent)
• oxalate reagent
• Water soluble
• Exchangeable
• Acid-soluble
• Bound to Mn oxides
• Organically bound
• Bound to noncrystalline Fe 
oxides
• Bound to crystalline Fe oxides
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Table 4.8: (conltinued)
Hooda et al. 
(1997)
NR
NR
• 0.005M DTPA or 0.05M 
N32-EDTA or 1M 
NH4NO3 or 0.05M 
CaCI2
• HCIO4 / HF digestion
• Plant available
• Total trace metals
Ma & Rao 
(1997)
1.0 • deionised water
• IMMgCb
• 1M NaOAc (adjusted to 
pH 5 with HOAc)
• 0.04M NH2OH.HCI in 
25% (v/v) HOAc
• 0.02M HNO3, 30% 
H2O2. and 3.2M 
NH4OAC in 20% (v/v) 
HNO3
• HF-HCI/HNO3 digestion
• Water soluble
• Exchangeable
• Bound to carbonates
• Bound to Fe-Mn oxides
• Bound to organic matter
• Residual
Sloan et al. 
(1997)
1.0 (a.d) •  0.5M Ca(N03)2
• 1M NaOAc (pH 5)
• 0.1 M NH2OH(HCI) in 
O.OIMHNO3
• 1M NH2OH(HCI) in 25% 
HOAc
• 0.02MHN03,30%H202, 
3.2M NH4OAc and 20% 
HNO3
• 4M HNO3 @ 95°C for 
16hrs
• Soluble and exchangeable
• Specifically adsorbed and 
weakly bound
• Easily reducible Fe/Mn oxides
• Fe/Mn oxides and acid 
replaceable (organically 
complexed)
• Residual organic
•  Residual inorganic
Canet et al. 
(1998)
5.0 • 0.1 M CaCI2
• NaOH and aqua regia
• 0.05M N32-EDTA
• Water soluble and 
exchangeable
• Organically bound
• Bound to carbonates
Chu et al. 
(1998)
NR • IMKNO3
• 0.5MKF
• 0.1 M Na4P207
• 0.1 M EDTA
• 6M HNO3
• H2O2 / H2SO4
• Exchangeable
• Absorbed
• Organically bound
• Bound to carbonates
• Bound to sulphides
• Total trace metals
Ho & Qiao 
(1998)
NR • IMMgCb
• 1M HOAc / NaOAc
• 0.04M NH2OHHCI
• 30% H2O2 / 3.2M 
NH4OAc
• conc. HNO3, perchloric 
and HCI
• Exchangeable
• Bound to carbonates
• Reducible or bound to oxides
• Organically bound
• Residual fraction
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Table 4.8: (conl inued)
Krebs et al. 1 0  (a.d) •  2M HNO3 •  HNO3 -  extractable
(1998) 30 (a.d) • 0.1 M NaNOs • NaNOs- extractable
Luo & Christie 
(1998)
2.0 (a.d) •  1MMg(N03)2
• 1M CHsCOONa
• 0.04M NH2OHHCI in 
25% (v/v) CH3COOH
• 0.02M HNO3, 30% H2O2 
and 8ml 3.2M 
CH3COONH4 in 20% 
(v/v) HNO3
•  Metal in residue was 
calculated as the 
difference between 
‘total’ metal content and 
the sum of the first four 
extractable fractions.
• Exchangeable
• Bound to carbonates
• Bound to reducible Fe-Mn 
oxides
• Organically bound
Ma & Uren 
(1998)
1.0 • Distilled water
• 1M MgCh
• 1 % NaCaH-EDTA in 1M 
NH4OAc
•  0.2% quinol in 1M 
NH4OAc
•  0.5M NaOAc and 0.5M 
HOAc
• 30% H2O2, 0.5M 
NaOAc and 0.5M HOAc
• 0.175M (NH4)2C^O4 and 
0.1 M H2C2O4
•  total minus sum of the 
extractable
• Water soluble
• Exchangeable
• EDTA-extractable
• Easily reducible Mn
• Carbonate
• Organic matter
• Fe and Al oxides
• Residual
Nyamangara
(1998)
1.0 • 0.11M acetic acid
• 0.1M hydroxylamine 
hydrochloride
• 8.8M hydrogen 
peroxide and 1M acetic 
acid
• HF / HNO3 digestion
• Exchangeable
• Bound to Fe-Mn oxides
• Organically bound
• Total trace metals
Sloan et al. 
(1998)
4.0 • IMHNO3 •  Bioavailable
Tsai et al. 
(1998)
NR • 1M NH4OAC
• 1M NaOAc
• 0.1M NH2OH.HCI in 
O.IMHNO3
•  0.04M NH2OH.HCI in 
25% (v/v) acetic acid
• 0.1 N HNO3, 30% H2O2, 
and 3.2M NH4OAC in 
20% HNO3
•  Exchangeable
• Bound to carbonates
• Bound to Mn oxides
• Bound to Fe oxides
• Bound to organic matter
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Table 4.8: (conltinued)
Zufiaurre et al. 0.5 (o.d) •  HNOs and HCIO4 •  Total trace metals
(1998) 1.0 (o.d) • 0.5M MgCb (NaOAc for •  Exchangeable
extraction of Mg)
• 1M NaOAc • Carbonate or specifically
adsorbed
• 0.04M NH2OHHCI in • Bound to Fe-Mn oxides
25% v/v HOAc
• 30% H2O2. and 3.2M • Bound to organic matter or
NH4OAc in 20% HNOs sulphides
• calculated as the • Residual
difference between the
total metals and the
sum of extracted metals
a.d - air dried; o.d - oven dried; NR - Not reported
Geochemical fractionation or sequential extraction procedures (as detailed in Table 
4.8) are one useful method in assessing the relative importance of geochemical fractions that 
may be present in the sample being tested. The main geochemical fractions that are commonly 
tested for are exchangeable, bound to carbonates, bound to iron and manganese oxides, and 
bound to organic matter and residual. However, the amount of soil used to determine these 
fractions, together with the chemical methods employed has varied considerably over the past 
30 years.
Research undertaken by Lake et al., (1984), conducting fractionation studies on 
sewage sludge and sludge-amended soils, found that the application of sludge to soil generally 
caused a shift in solid-phase metal forms in soils to those extractable with milder reagents. 
Such applications to soil suggest that the sludge would provide heavy metals in labile chemical 
forms, i.e. heavy metals would be more readily available to crop plants than in the non­
amended soils (Sposito et al., 1982).
Zufiaurre et al., (1998) found the solubility of heavy metals in sludge once applied to 
soil, decreased in the sequence Ni > Mn > Fe > Zn = Cr > Cu = Pb. They found that the 
residual fraction held the maximum percentage of heavy metal association, whereas the most 
soluble fractions (exchangeable and carbonate) had only a small percentage of heavy metals 
extracted.
Research by Berti & Jacobs (1996), who assessed the mobility of heavy metals in soil 
receiving 10 years application of sewage sludge, showed that significant quantities of Cd, Ni 
and Zn resided in the water-soluble, exchangeable and acid-soluble forms. Therefore, these
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metals could be hypothesised to be more plant available and more susceptible to leaching than 
other soil fractions.
However, any results pertaining to the fractionation of sludge and/or sludge-amended 
soils will depend on soil and sludge type and the physico-chemical characteristics of each 
interacting media.
4.3.5.1 Concerns associated with geochemical fractionation techniques
Most schemes are similar in their chemical extractants and procedures as initially 
implemented by Tessier et al., (1979). The analytical instrument used to analyse these 
geochemical fractions are Atomic Absorption Spectrometry (AAS), Inductively Coupled Plasma 
Atomic Emission Spectrometry (ICP-AES) or Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS). It should be noted that AAS and ICP-AES do not use mass selective detection and 
are not therefore prone to polyatomic interferences, and are less affected by matrix or non- 
spectroscopic suppression. However, analyte levels in the exchangeable and/or adsorbed 
fraction may be significantly low to be detectable only by ICP-MS.
The choice of chemical extractants when using ICP-MS must be considered very 
carefully. The use of 1M MgCh (magnesium chloride) presents a potential non-spectroscopic 
matrix suppression effect. Alternatives to MgCIa include 1M NaOAc (sodium acetate) and 1M 
NH4OAC (ammonium acetate), but this leads to the effect of sodium suppression on the 
ionisation of heavy metals within the plasma. Care must also be taken with ICP-MS 
measurements when using NaOAc and HOAc (acetic acid). These chemicals can result in non- 
spectroscopic suppression and/or polyatomic (adduct) interferences, and organic carbon 
loading in the plasma (Churchman, 1997).
Chemical solvents can either be specific to a particular geochemical fraction or specific 
in their mode of action. However, sequential extraction techniques harbour many problems, 
namely the use of one specific chemical extractant for one specific geochemical fraction. The 
chemical used may only partially remove the metal defined in a geochemical fraction, and/or 
cause the metal to become redistributed onto another geochemical fraction.
Within published research there is a large unwillingness for researchers to detail the 
amount of soil used in the fractionation and the chemical methods employed. Typically masses 
of 1.0 g are used, although variations from 0.5 -  5.0 g have been reported (Table 4.8). Also of 
interest is the apparent non-disclosure of the state of the soil, namely fresh or dry weight basis, 
whether the sample has been sieved and the particular fraction size of the sieve. Problems can
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arise if the soil is used fresh or oven-dried, if the sample has been homogenised, or if the 
sample has been sieved to a particular particle size.
Sample collection, preparation and storage can also lead to changes in chemical 
spéciation and thus misinterpretation of results. The disturbance of equilibrium conditions, 
particularly during sample collection can be a major source of error. As mentioned above, the 
use of dried or fresh soil for sequential extraction techniques will greatly affect the natural heavy 
metal equilibrium existing in the soil before it was collected. Soil drying has been shown to 
reduce the proportion of iron extracted by reagents that remove amorphous iron oxides and 
thus suggests an increase in oxide crystallinity (Thomson et al., 1980). Hence, the use of dried 
soil or sediment to ascertain the bioavailability of a metal, through the use of a sequential 
extraction procedure, may become limited. However, it is virtually impossible to avoid changes 
in the natural equilibrium of these geochemical forms within a soil matrix, unless sequential 
extraction is undertaken immediately after sample collection. Thus comparisons of data can 
only be undertaken if the same sample preparation, analytical methods, and so forth, are 
employed.
Ideally, the use of certain chemical extractants will depend upon the aim of the study, 
the type of solid and the heavy metal under investigation. Contact time and washing 
procedures between each geochemical defined phase is also important when considering the 
movement of metals within fractions.
Since Tessier et al., (1979), research into the use of specific chemical extractants to 
better define geochemical fractionation have increased significantly. Researchers today are 
able to define further those heavy metals bound to non-crystalline Fe oxides and crystalline Fe 
oxides (Berti & Jacobs, 1996). Emphasis has also largely been placed on defining the ‘water 
soluble’, ‘plant available’ or ‘bioavailable’ metal fraction, since these geochemical fractions are 
the most important when assessing environmental impact.
There is a need for legislation to look at the metal fraction of soil that is ‘soluble’ or 
‘plant available’. Setting legislation guidelines for heavy metals using ‘total’ metal content are 
unrealistic considering that the majority of the metal contained within the soil may be locked up, 
and therefore may be unavailable.
Limitations of sequential extraction procedures reveal the results are only 
representative of operationally defined spéciation, rather than quantification of a specifically 
defined chemical species. Sequential extraction procedures should therefore be regarded as a 
process in which the sample is transferred into a small defined artificial environment where 
shifts in reaction equilibrium occurs releasing the heavy metal component in solution.
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4.3.6 Geochemical Fractionation Studies
The three-step BCR sequential extraction procedure (Rauret et al., 1999) was 
undertaken in triplicate (preparation details outlined in section 2.3.1.6) on the certified reference 
material BCR 601 Extractable Trace Metals in Lake Sediment (Sequential Extraction), sludge- 
amended soil (RFC), non-sludge amended soil (RFU) and ADDS (OX). All material was used 
as 'oven-dried'. The four operationally defined fractions used in the BCR method are shown in 
Table 4.9.
Table 4.9: BCR 3-step Sequential Extraction and Associated Heavy Metal Extracted
Extraction Step Chemical Used and Metal Fraction Extracted
Fraction 1 Acetic acid - removes those metals that are exchangeable
Fraction 2 Hydroxylammonium chloride - selectively leaches heavy metals 
bound to Fe and Mn oxides, by reducing the oxides to their ferrous 
and manganous forms
Fraction 3 Oxidation by hydrogen peroxide and subsequent reaction with 
ammonium acetate - selectively extracts those metals that are 
oxidisable (sulphides and organic phases)
Fraction 4 Taken from the total of fractions 1,2 and 3, subtracted from the total 
digested metal value (using the microwave digestion results - Table 
4.0) - represents the mineral fraction
Between each successive extraction the supernatant was removed for analysis (as 
outlined in section 2.3.1.6). The residue after each extraction was washed using 20 ml double­
distilled deionised water before the next extraction procedure could be undertaken.
The use of acetic acid to extract heavy metals bound to specific sorption sites from 
soils is widely employed as an extractant of an overall 'available' component from sludge 
matrices (Neuhauser & Hartstein 1980; Carlton-Smith & Davis, 1983; Lake etal., 1984; Beckett, 
1989). Some doubts have been expressed with regard to the suitability of acetic acid (and citric 
acid) for determining plant-available heavy metals, since the pH achieved during extraction is 
rarely representative of that of the sludge or sludge-amended soil (Lake, 1987).
4.3.6.1 Quality control of fractionation schemes
The quantification of such complex fractionation schemes requires the use of suitable 
certified reference materials (CRM). To date only one such reference material exists for such 
schemes: BCR CRM 601 Extractable Trace Metals in Lake Sediment (Sequential Extraction). 
This reference material was established from the studies of the Commission of the European 
Communities who have aimed to; 1) minimise errors in sampling, sample treatment and
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analysis; 2) identify the most appropriate analytical technique; and 3) harmonise the total 
analytical procedure into a protocol that can be used to prepare certified reference materials for 
sequential extraction analysis (Rauret et a i, 1999).
Table 4.10 shows the certified and measured values for BCR CRM 601, obtained using 
the ICP-MS Finnigan Mat-Sola, University of Surrey.
Table 4.10: Certified Reference Values for the CRM 601 Trace Metals in Lake Sediment
Heavy metal Certified value 
(mg/kg)
Measured value 
(mg/kg)*
% RSD
Step 1 : Cd 4.1 ±0.2 3.9 ±0.1 2.1
Ni 8.0± 0.7 10.1 ±1.6 13.0
Pb 2.7 ±0.4 2.4 ±0.1 13.4
Zn 264.0 ±5.0 252.2 ±3.5 2.1
Step 2: Cd 3.1 ±0.2 1.9 ±0.05 2.8
Ni 6.1 ±1.1 6.6 ±0.7 10.6
Zn 182.0 ±11.0 198.0 ±2.1 1.1
Step 3: Cd 1.8 ±0.2 < 0.02
Ni 8.6 ±1.0 6.6 ±0.5 11.7
Pb 109.0 ±13.0 98.4 ±1.5 2.5
*n=3, mean ±std.dev.
Taking each chemical extraction step in turn, general agreement of measured values 
with certified values occurs for all steps. No statistical evaluation was carried out on the quality 
control data as the number of samples analysed was too small.
4.S.6.2 Sludge-amended soil (RFC) fractionation results
The sludge-amended soil (RFC) geochemical fractionation results are presented in 
Figure 4.5. Results are sectioned according to the geochemical fraction association and are 
quoted as a percentage of the total digested heavy metal values obtained in section 4.2.2.
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Figure 4.5: Sludge-amended Soil (RFC) Geochemical Fractionation
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Overall, the heavy metals analysed in this study showed a strong affinity for both the 
Fe and Mn oxides and residual fractions. The heavy metals analysed are associated with the 
geochemical fractions in the following decreasing order:
Cu - residual (66.9 %) > organic (41.2 %) > Fe & Mn oxides (25.1 %) > exchangeable (5.5 %) 
Zn - residual (45.3 %) > Fe & Mn oxides (29.6 %) > exchangeable (19.0 %) > organic (6.1 %)
Ni - residual (43.2 %) > Fe & Mn oxides (26.5 %) > exchangeable (17.5 %) > organic (12.9 %)
Pb - Fe & Mn oxides (52.3 %) > residual (25.9 %) > organic (21.8 %)
Cd - Fe & Mn oxides (60.5 %) > exchangeable (29.0 %)
Copper, zinc and nickel are predominantly bound within the residual fraction making 
these fractionated metals unavailable for plant uptake. However there is still a large 
percentage associated with metal fractions that are more available in soil for plant uptake, 
namely exchangeable and organically bound.
Copper shows a strong affinity for organic bound fractions compared with 
exchangeable. This finding agrees with the known association that copper shows a strong 
adsorption to soil surfaces and organic matter complexation in solution (Sposito et a i, 1982; 
Sanders & Adams, 1987; Dudley et a i, 1987). Also, this soil was found to contain a high 
organic matter content (30.4 % - refer to section 3.5.3), which indicates a significant sorption 
area for heavy metals, especially copper.
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Exchangeable fractions of zinc, nickel and cadmium are significantly higher than 
organically bound fractions, and under present soil conditions would be available for plant 
uptake. As with copper, zinc association is predominantly with the residual fraction making it 
unavailable for plant uptake. However, both exchangeable and organic fractions account for 
25% of the measurable zinc content that would be available for plant uptake.
For both Pb and Cd, Fe and Mn oxide fractions account for more than 50 % of the total 
metal content within this soil, and would therefore be available within the soil solution under 
reducing conditions. However, 29.0 % of the cadmium content with the exchangeable fraction 
would suggest that this metal would be highly mobile and bioavailable within this soil in its 
present physico-chemical condition. Lead has also shown to be highly mobile and perhaps 
bioavailable, since 21.8 % of the total metal content is found with the organically bound fraction 
suggesting that under oxidising conditions this element would be more available in soil solution. 
Lead is known to have a high affinity for Fe and Mn oxides in sludges, soils and sediments 
(Lake, 1987; Hooda & Alloway, 1998; Hares, 2000; Stead etal., 2000).
According to the exchangeable fraction, heavy metal mobility and bioavailability, for the 
sludge-amended soil (RFC) shows an order of decreasing availability of: Cd > Zn > Ni > Cu. 
Taking into consideration a change in redox conditions the order of decreasing availability is: 
Cd > Pb > Zn > Ni > Cu, and during oxidising conditions resulting in the degradation of organic 
matter, the decreasing order of availability is: Cu > Pb > Ni > Zn.
Hooda & Alloway (1994) found that using the BCR method a greater concentration of 
heavy metals was extracted using the hydroxylammonium chloride (Fe and Mn oxides) and 
hydrogen peroxide with ammonium acetate (organic), than from the acetic acid (exchangeable) 
fraction in a sludge-amended sandy loam soil. Before the addition of anaerobically digested 
sludge, they observed the general order of metal fractionation: organic > Fe & Mn oxides > 
exchangeable. However after a period of two years following sludge application, the order of 
metals changed to exchangeable > Fe & Mn oxides > organic for Cd, Ni and Zn, and no change 
observed for copper and lead (i.e. organic > Fe & Mn oxides > exchangeable). The results 
obtained for the sludge-amended soil (RFC) agree with their findings for copper only, with the 
majority of the metals being bound to Fe and Mn oxides: more than the exchangeable fraction.
Sloan et a i, (1997) found that the most easily extracted forms of soil cadmium 
(exchangeable using calcium nitrate and specifically adsorbed using sodium acetate) 
accounted for approximately 75 % of total soil cadmium in sludge-amended soil. For the 
sludge-amended soil (RFC) 29 % of the extracted cadmium was found in the exchangeable 
fraction and the remaining cadmium was found associated totally with the Fe and Mn oxides.
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Alloway & Tills (1984) concluded that cadmium exists principally in a cationic form in soil 
solution and that organic species are relatively unimportant.
In general, the sludge-amended soil (RFC) with its physico-chemical characteristics as 
described in Chapter 3, should provide heavy metal sorption areas within its high organic 
matter content (30 %), Fe and Mn oxide contents (FeaOs - 4.7 % and Mn - 0.1 %), clay content 
(as defined by the sandy loam texture) and resulting anion complexes.
4.3.6.3 Non-sludge amended soil (RFU) fractionation results
The non- sludge amended soil (RFU) geochemical fractionation results are presented 
in Figure 4.6. Results are sectioned according to the geochemical fraction and are quoted as a 
percentage of the total digested metal values (section 4.2.2).
Figure 4.6: Non-sludge Amended Soil (RFU) Geochemical Fractionation
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
Cu Zn Ni Pb Cd 
□  Exchangeable h  Fe & Mn oxides Q  Organic ■  Residual
All heavy metals show a strong affinity within the residual fraction. The heavy metals 
analysed are associated with the geochemical fractions in the following decreasing order:
Cu - residual (64.5 %) > organic (17.4 %) > Fe & Mn oxides (14.7 %) > exchangeable (3.5 %) 
Zn - residual (75.5 %) > organic (8.6 %) > exchangeable (8.3 %) > Fe & Mn oxides (7.7 %)
Ni - residual (76.1 %) > organic (11.9 %) > exchangeable (7.7 %) > Fe & Mn oxides (4.2 %)
Pb - residual (50.3 %) > Fe & Mn oxides (40.0 %) > organic (9.3 %) > exchangeable (0.4 %)
Cd - residual (100 %)
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Both zinc and nickel share the same trend in geochemical fractionation, namely 
residual > organic > exchangeable > Fe & Mn oxides. Both elements, occurring within the 
residual fraction by more than 70 %, would be relatively unavailable for plant uptake. However, 
copper shows a 64.5 % affinity for the residual fraction, with additional strong fractionation 
within the organically bound and Fe & Mn oxides, as shown in the sludge-amended soil (RFC). 
Changes in soil physico-chemical conditions would result in the availability of this metal for 
plant uptake. Lead is predominantly found in the residual fraction (50.3 %) with significantly 
more metal associated with Fe & Mn oxides than both organically bound and exchangeable 
fractions. As a result of a change in redox conditions within the soil environment this metal 
would be more mobile and bioavailable. Cadmium in this soil presents no problem for metal 
mobility and bioavailability since 100 % is associated with the residual fraction - tightly bound 
within colloidal minerals.
According to the exchangeable fraction, heavy metal mobility and bioavailability, for the 
non-sludge amended soil (RFU) shows an order of decreasing availability of: Zn > Cu > Ni > 
Pb. With a change in redox conditions the order of decreasing availability is: Pb > Cu > Zn > 
Ni, and during oxidising conditions resulting in the degradation of organic matter, the 
decreasing order of availability is: Cu > Ni > Pb > Zn.
According to Ritchie & Sposito (1995), the pH of the non-sludge amended soil (RFU) 
would present metal species that are predominantly in their cationic forms, and thus be bound 
within the structural layers of clay minerals. Thus the majority of heavy metals in this soil would 
have metals bound predominantly within the residual fraction as shown.
In comparison with published work, Emmerich et a i, (1982) found that the 
sulphide/residual fractions of three non-sludge amended soils constituted the major fractions of 
copper (65 - 82 %), nickel (80 - 94 %) and zinc (92 - 96 %). However, in contrast, cadmium 
was predominantly associated with the carbonate phase (73 %).
4.3.6 4 Anaerobically digested dewatered sludge (ADDS- OX) 
fractionation results
The sludge (ADDS - OX) geochemical fractionation results are presented in Figure 4.7. 
Results are sectioned according to the geochemical fraction and are quoted as a percentage of 
the total digested metal values (section 4.2.2).
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Figure 4.7: Anaerobically Digested Dewatered Sludge (ADDS - OX) Geochemical 
Fractionation
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Overall, the heavy metals Cu, Zn, Ni and Cd show a strong affinity for the residual 
fraction, whereas Pb is more strongly associated with the organic fraction. The heavy metals 
analysed are associated with the geochemical fractions in the following decreasing order:
Cu - residual (53.6 %) > organic (30.5 %) > Fe & Mn oxides (11.1 %) > exchangeable (4.8 %)
Zn - residual (56.3 %) > Fe & Mn oxides (29.8 %) > exchangeable (11.3 %) > organic (2.6 %)
Ni - residual (56.6 %) > exchangeable (33.4 %) > Fe & Mn oxides (10.0 %)
Pb - organic (52.6 %) > residual (38.6 %) > Fe & Mn oxides (8.8 %)
Cd - residual (100 %)
The sludge (ADDS - OX) shows similar trends in heavy metals association with the 
sludge-amended soil (RFC) for both copper and zinc, namely copper - residual > organic > Fe 
& Mn oxides > exchangeable, and zinc - residual > Fe & Mn oxides > exchangeable > organic. 
Although within the sludge, 50 % of the zinc and copper content are found with the residual 
fraction, there still remains 50 % that could be made available under certain physico-chemical 
conditions. For example, a change in oxidising conditions could increase the amount of 
available copper, and in reducing conditions an increase in zinc could result.
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Nickel is found predominantly within the residual fraction (56.6 %), although there is a 
strong association with the exchangeable fraction (33.4 %), making this element more available 
within current sludge conditions.
Lead is found mainly in the organic fraction (52.6 %) and when mixed with the soil, the 
oxidising effect from the combination of these two media may result in the breakdown of this 
fraction, which would mobilise lead within the soil environment. Whether this element would be 
more available for plant uptake, or would be bound within the soil environment would largely 
depend on the receiving soil physico-chemical conditions.
All of the cadmium found within this sludge was associated with the residual fraction 
only, making this element unavailable for plant uptake.
According to the exchangeable fraction, heavy metal mobility and bioavailability, for the 
sludge (ADDS - OX) shows an order of decreasing availability of: Ni > Zn > Cu. With a change 
in redox conditions the order of decreasing availability is: Zn > Cu > Ni > Pb, and during 
oxidising conditions resulting in the degradation of organic matter, the decreasing order of 
availability is: Pb > Cu > Zn.
Results reviewed by Lake (1987), from sequential extractions of heavy metals in 
anaerobically digested sludge, suggest that all heavy metals form insoluble sulphide salts under 
the reducing conditions of digestion, and as such are dominated within inorganically 
precipitated fractions (residual, Fe and Mn oxides). The main exceptions found within the 
sludge (ADDS - OX) are the dominance of organically bound copper and lead. Also, Canet et 
a i, (1998) found most heavy metals within anaerobically digested sludge occur in the 
carbonate/exchangeable (Na^EDTA) and residual fractions. Although the results obtained for 
the sludge (ADDS - OX) agree with Canet et a i, (1998), where the majority of metals are found 
within residual fractions, only nickel has a strong affinity with the exchangeable fraction.
One could postulate about the possible trend in mobility and bioavailability of heavy 
metals in sludge, but the effects after mixing within the soil environment are complex and 
curtailed by the problem of changing physico-chemical conditions within the sludge and the 
sludge-amended soil.
4.4 Summary
This chapter has presented the results for the total digested heavy metal levels and 
geochemical fractionation, for the sludge-amended soil (RFC), non-sludge amended soil (RFU) 
and the anaerobically digested dewatered sludge (ADDS - OX). The main findings are:
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• it is unclear whether the MAFF (1998) heavy metal guideline values are 'total' or 'acid 
extractable' defined. One assumes the values are 'total' and thus comparisons with 
'total' digested heavy metals from the research media can be assessed;
• the sludge-amended soil (RFC) and the sludge (ADDS - OX) contain total digested 
heavy metal values above those defined by MAFF (1998);
• the sludge-amended soil (RFC) contains Cu, Zn and Ni predominantly found within the 
residual fractions (43 - 67 %), whereas Pb and Cd are mainly associated with Fe and 
Mn oxides. Exchangeable heavy metal levels were measured in the order of 
decreasing availability of Cd > Zn > Ni > Cu; Fe and Mn oxide order of decreasing 
availability Cd > Pb > Zn > Ni > Cu; and organically bound order of decreasing 
availability Cu > Pb > Ni > Zn. These results show cadmium is mostly available from 
the exchangeable and Fe and Mn oxide fractions (29.0 % and 60.5 %, respectively);
• the non-sludge amended soil (RFU) contains total digested heavy metal values well 
below the MAFF (1998) guidelines. The fractionation of the heavy metals was found 
predominantly within the residual fraction, with the range limits of heavy metals being 
Pb (50.3 %) and Cd (100 %). Exchangeable heavy metal levels show an order of 
decreasing availability of Zn > Cu > Ni > Pb; Fe and Mn oxide order of decreasing 
availability Pb > Cu > Zn > Ni, and; organically bound order of decreasing availability 
Cu > Ni > Pb > Zn;
• the anaerobically digested dewatered sludge (OX) contains Cu, Zn, Ni and Cd 
associated mainly with the residual fractions ranging from 53.6 % for Cu to 100 % for 
Cd. In contrast, Pb has a greater affinity for the organic fraction (52.6 %). 
Exchangeable heavy metal levels were found in the order of decreasing availability for 
Ni > Zn > Cu; Fe and Mn oxide order of decreasing availability Zn > Cu > Ni > Pb, and; 
organically bound order of decreasing availability Pb > Cu > Zn.
In general, those metals that are associated with residual fractions are not available for 
plant uptake. Heavy metals associated with the exchangeable fraction represent the most likely 
to be available for plant uptake in both soil and sludge samples in their present physico­
chemical conditions. Heavy metals found associated with Fe and Mn oxides would become 
available during reducing conditions (e.g. waterlogging) of soils, and oxidation of the soil/sludge 
would release the organic bound metals into the soil solution, thus increasing their mobility and 
bioavailability in both sludge and soil environments.
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Although trends have been proposed for the mobility and bioavailability of heavy metals 
in the sludge-amended soil (RFC), non-sludge amended soil (RFU) and the sludge (ADDS - 
OX) changes in the physico-chemical conditions will undoubtedly change the heavy metal 
fractionation for such media.
Of note, sewage sludge applications can also prevent excessive uptake of metals into 
crops for some time due to the added organic matter and in some soils the buffering effect of 
the soil pH (Krebs et al., 1998). However, heavy metals may become more available to plants 
with time depending on the biological and chemical conditions in the soils.
The sludge-amended soil (RFC) has a high moisture content (20.3 % - section 3.5.2), 
which allows a greater influence from soil solution anions/cations on the colloidal surfaces (as 
described by the electric double layer theory section 4.3.4). This combined with its alkaline pH 
(pH 7.85 - section 3.4.2), cation exchange capacity (6.15 cmol/kg - section 3.5.4), and 
adequate inorganic and organic colloidal material for heavy metal sorption, contains material 
that may compete with natural zeolites for heavy metal immobilisation. Consequently therefore, 
would the addition of zeolite minerals into this soil system assist in immobilising the heavy 
metals such as Cd and/or organic metal complexes? Or in fact would the zeolite act as a 
'sleeping' mineral only immobilising heavy metals when the decomposition of organic matter 
takes place, or when a change in redox conditions within the soil environment occurs? 
Additionally, one of the main concerns, as already highlighted in Chapter 1, would be the 
immobilisation of essential heavy metals: zinc and copper are required for plant growth in trace 
quantities. As such, how 'fit for purpose' would the soil become after zeolite addition?
In an attempt to answer these questions the characteristics of zeolite sorption are 
explained in more detail in Chapter 5 together with the greenhouse trials using these materials 
in Chapter 6.
138
C H A P TE R S
USE OF NATURAL ZEOLITES TO 
REMOVE HEAVY METALS FROM 
SYNTHETIC SOLUTIONS
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5.1 Introduction
The main objective of this chapter is to evaluate the capacity of clinoptilolite (from the 
British Zeolite Company) for removing from synthetic and aqueous solutions, selected heavy 
metals under different operating conditions (pH, contact time and mixed metal concentration). 
The results obtained from these experiments will be used to determine the hypothetical 
efficiency of clinoptilolite for the reduction of heavy metal bioavailability to plants in sludge- 
amended soils.
5.2 Heavy Metal Removal Using Natural Zeolites
The most common physico-chemical methods employed to immobilise heavy metals 
from wastewaters and/or soil solutions include chemical precipitation, activated carbon 
adsorption, solvent extraction, ion exchange, reverse osmosis, foam flotation techniques and 
cementation (Blanchard et a i, 1984; Loizidou, 1990; Bailey et a i, 1999). Low cost sorbents 
that have been used to immobilise heavy metals from wastewaters and soils include bark, 
lignin, dead biomass, seaweed, zeolite, clay, fly ash, peat, etc (Bailey etal., 1999).
Natural zeolites have been used extensively for the remediation of heavy metal and 
radionuclide contaminated soils and wastewaters for nearly 50 years (Ames, 1960; Weber et 
al., 1983; Loizidou, 1990; Bremner & Schultze, 1995; Chelishchev, 1995; Pansini, 1996; 
Tsadilas et al., 1997). The following sections present the overall crystal structure of 
clinoptilolite, and its specific exchange properties regarding heavy metal sorption. Clinoptilolite 
was chosen as it is a natural zeolite that occurs in deposits in many countries and has been 
widely researched for remediation purposes.
5.2.1 Crystal Structure
Since the early 1950s natural zeolites have been found in more than 90 % of 
sedimentary rocks of volcanic origin (Hawkins, 1983). Clinoptilolite, of the heulandite family, is 
one of the more siliceous natural zeolites. The key difference between natural heulandite and 
clinoptilolite is thermal stability, where, clinoptilolite is thermally stable to temperatures in 
excess of 500°C, whereas, heulandite undergoes structural collapse by 350°C (Zhao et al., 
1998). Other differences between heulandite and clinoptilolite are shown below (Dyer, 1988):
Clinoptilolite
• Si : Al ratio > 4,
• cation content includes the alkali metals Na + K > Ca + Mg.
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Heulandite
• Si : Al ratio < 4,
• cation content includes the alkaline earth metals Ca + Sr + Ba > Na + K.
The clinoptilolite framework consists of different volumes of intra-crystalline voids 
(cavities and channels), which can represent as much as 50 % of the total crystal volume in 
some samples (Passaglia & Galli, 1991). Each natural zeolite is characterised by a rigid 
crystalline anion framework, which creates a net negative charge through isomorphous 
substitution (substitution of a lower charge ion for a higher charged ion e.g. Al3+ for Si4+). 
Electroneutrality must be preserved, i.e. the electric surplus charge of the zeolite framework 
must be compensated at any time by a stoichiometrically equivalent number of counter ions 
within the structure. Counter-ions, either within the structure of the zeolite framework or within 
the surrounding solution, move freely within the framework and can therefore be replaced by 
framework ions.
The extent and incorporation of water molecules within the zeolite framework depends 
on the size and shape of the cavities and channels present, and the number and nature of the 
cations in the structure. The sitings of water and cations within the zeolite framework are a 
function of temperature, water content, cation type and Si : Al ratio (Dyer, 1988).
As previously mentioned in section 1.7.3, natural zeolites and clay minerals have 
similar physical crystal configurations and chemically behave in much the same way, apart from 
one main aspect - swelling. As discussed in section 4.3.1.1 clay minerals, e.g. 2 : 1 type 
minerals (montmorillonite), have an internal and external surface area, and due to the weaker 
oxygen bonding between layers these minerals show typical shrink-swell characteristics on 
dehydration/hydration. However, as a result of their rigid three-dimensional framework zeolites 
do not allow appreciable swelling to occur, either during sorption processes or during ion 
exchange.
5.2.2 Exchange Properties
The composition of the zeolite framework, in particular its silica to aluminium ratio, has 
a significant effect on the sorptive properties of the zeolite, i.e. as the Si : Al ratio is increased, 
the cation density and electrostatic field strength decreases and the affinity of the zeolite 
surface for non-polar sorbates increases (Dwyer, 1984).
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Malliou et al., (1994), showed that smaller particle size fractions of clinoptilolite 
increased the exchange capacity of the zeolite for lead and cadmium. Also, within their 
research they found that by increasing the contact temperature from 25°C to 50°C an increase 
in both lead and cadmium uptake was observed.
Sorption of solute ions, complexes, or molecules by zeolites has a strong influence on 
the mobility and uptake of heavy metals from wastewaters and soil solutions. Sorption has 
three main processes (Krauskopf & Bird, 1995):
1. the formation of a surface precipitate that has a structure or composition different from 
that of the zeolite;
2. the incorporation of a solute species into the zeolite framework either by diffusion, or by 
dissolution of the zeolite and re-precipitation - a mechanism called absorption or co­
precipitation; and,
3. the accumulation of aqueous species on the zeolite surface without formation of a 
three-dimensional molecular arrangement, i.e. adsorption.
Adsorption in zeolites commonly occurs through (Roque-Malherbe, 2000):
• micropore filling (adsorption in the cavities and channels which constitute the zeolite 
framework); and,
• later, at high pressures, surface coverage, consisting of mono-layer and multi-layer 
adsorption and capillary condensation taking place on the walls of mesopores and 
macropores.
Adsorption of heavy metals in solution onto the zeolite framework can take place 
through the processes of physisorption (bonds an ion to the surface by electrostatic forces), 
chemisorption (chemical bonding of the ion and surface), or ion exchange.
5.2.2.1 Ion exchange
Natural zeolites, exhibit a high net negative charge, created by isomorphous 
substitution (explained in detail in section 4.3.1.1) of Al3+ and Fe3+ for Si4+ in the tetrahedra. 
Isomorphous substitution causes a change in the crystal framework structure of the natural 
zeolite as well as highlighting areas of net negative charge. The extent of the zeolites ability to 
exchange cations depends on the magnitude of the negative charge due to isomorphous
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substitution. When one cation is exchanged for another within the zeolite no change in the 
overall structure of the zeolite occurs (Townsend, 1991).
Ion exchange can be regarded as a chemical reaction between two phases, either
solid/liquid, or solid/gaseous. However, in reality there may be a number of different species
interacting and competing for exchange sites on the zeolite framework, and the rate at which 
these reactions occur may not be linked directly to ion exchange, e.g. precipitation on the 
surface of the zeolite framework or adsorption of species on the surface (non-stoichiometric).
The preference in solution for one species in solution over another for ion exchange 
into the zeolite framework is dependent upon (Helfferich, 1995):
•  the electrostatic interactions between the charged framework and the counter ions 
depend on the size and, on the valence of the counter ion;
•  in addition to the electrostatic forces, other interactions between the ions and their 
environment are effective; and,
• large counter ions may be sterically excluded from the narrow pores of the ion 
exchanger - zeolites are capable of sorbing electrolytes from solutions provided that no 
exclusion by sieve action occurs.
The valences of the counter ions have a strong effect on ion exchange equilibrium, and
as a rule, zeolites prefer the counter ion of higher valence, with counter ion preference
increasing with dilution of the solution (Helfferich, 1995).
The zeolite ion exchange affinity sequence is also often found to be in accord with the
hydrated ionic radius. Cations with high hydration energy (small crystalline ionic radius) diffuse
more slowly in channels, than cations with larger crystalline ionic radius but the same charge
(Tsadilas & Evangelou, 1998). Conversely, larger cations with a low energy of hydration form
the strongest bonds within the zeolite structure. Also, strongly hydrated ions may be reluctant
to exchange into sites that require the ion to shed some or all of its co-ordinated water
molecules (Townsend, 1984).
Clinoptilolite has shown selectivity for the low-hydrated cations of the alkali metals and
ammonium (NH4+) under almost all exchange conditions (Chelishchev, 1995). In general,
selectivity for metal cations decreases with increasing degree of hydration of the exchangeable
ion. For example, Chelishchev (1995) gave the selectivity series of clinoptilolite for alkali
ne,
metals as: Cs > Rb > K > NH4 »  Na »  Li; for alkaliAearth metals: Ba > Sr > Ca; and for non- 
ferrous metals: Pb »  Cd > Cu > Zn.
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Table 5.0 shows the ionic radii and enthalpies of hydration for the elements considered 
in this research, namely K, Na, Ca, Mg, Pb, Cd, Zn, Cu and Ni.
Table 5.0: Ionic Radii of Metal Cations and Enthalpies of Hydration
Cations Ionic Radii*
(Â)
Enthalpy of Hydration** 
(KJ/mol)
K+ 1.33 -321.13
Na+ 0.98 -405.70
Ca2+ 1.17 -1593.5
Mg2+ 0.89 -1923.42
Pb2+ 1.32 -1495.94
Cd2+ 1.03 -1807.02
Zn2+ 0.83 -2045.67
Cu2+ 0.82 -2101.77
Ni2+ 0.72 -2107.22
* Evangelou (19S8); **Burgess (1978)
Since selectivity for metal cations decreases with increasing degree of hydration of the 
exchangeable ion, the selectivity series for the cations mentioned in Table 5.0 should be: K+ > 
Pb2+ > Ca2+ > Cd2+ > Na+ > Mg2+ > Zn2+ > Cu2+ > Ni2+. The enthalpy of hydration of a cation 
can be used as a tool in assessing the interaction of the cation with its hydration sheath. A 
cation with a low enthalpy of hydration is most likely to detach its coordinated water molecules, 
whilst a high enthalpy of hydration would suggest that the cation would prefer to stay in solution 
(Burgess, 1978; Whitehead, 2000). On the basis of the enthalpy of hydration the selectivity 
series can be described as: K+ > Na+ > Pb2+ > Ca2+ > Cd2+ > Mg2+ > Zn2+ > Cu2+ > Ni2+.
In agreement with the proposed selectivity series from Table 5.0, Loizidou (1990) 
showed by using a conditioned clinoptilolite (Na-homoionic form), the selectivity series for a 
single and mixed heavy metal solutions were: Pb > Cd > Zn > Cu > Ni > Fe > Cr. However, 
heavy metal selectivities, using a Na-exchanged clinoptilolite can differ from the expected 
series as shown in Table 5.1.
Typical selectivity series quoted in the literature tend to vary depending on the 
geological source of the zeolite, whether the study is undertaken on single or mixed metal 
solutions, and the pre-treatment undertaken before experimental investigations are carried out; 
namely conditioning (homoionic form) or washing with dilute acid to remove carbonate material. 
Researchers have also shown, through laboratory experimental investigations, conditioning 
zeolites (Na-exchanged) improves both the exchange capacity and the removal efficiency 
(Malliou et al., 1992; Ouki & Kavannagh, 1997). However, the effect of the released sodium
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(Na+) and exchangeable ions (K+, Ca2+, Mg2+) to the water and/or soil environment in which the 
material is to be used is nearly always not measured or considered.
Table 5.1: Selectivity Series for Na-exchanged Clinoptilolite
Author Selectivity series
Weber et al., (1983) Pb = Ba »  Cu, Zn, Cd > Na
Blanchard etal., (1984) Pb > NH4 > Cd, Cu > Zn > Co
Bremner & Schultze (1995) Zn > Ca, Cu > Fe > H > Mg > Al
Mondale etal., (1995) Ag > Pb > Cd > Zn > Cu »  Ni > Hg
Zamzow & Schultze (1995) Pb > Ca > Zn > Mn > Cu > Cd > Al > Ni
Ouki & Kavannagh (1997) Pb > Cu > Cd > Zn > Cr > Co > Ni
Langella et al., (2000) NH4+ > Pb > Na > Cd > Cu, Zn
The clinoptilolite maximum exchange capacity (amount of ion per gram of zeolite) 
varies depending on geological deposit composition, but has an upper limit of 2 .6  meq/g 
(Inglezakis et al., 2001). Of practical interest is the effective capacity, which refers to the real 
amount of the exchangeable cations contained in a specific quantity of the material, under 
specific experimental conditions (Helfferich, 1995).
Ion exchange applications using natural zeolites assess the following (Rebedea, 1997):
• exchange kinetics - time required for the counter-ion to travel to the exchange site and 
displace a cation in the structure;
• ion exchange capacity - the number of milli-equivalents of a given cation per gram of 
zeolite that can be retained in a maximally exchanged zeolite; and,
• cation selectivity - refers to the preference order of a zeolite for cations based on the 
energetics of the distance between anionic sites, cationic radii, and cationic hydrated 
energies.
5.2.2.2 Ion sieving
Cations may be excluded from the micro-porous channels and pores of the zeolite 
framework on account of their size. Consequently, the size of the cation may be such that 
complete exchange is not possible without filling all the available space (Townsend, 1991).
Under ideal conditions some molecules can pass through the channels to the internal 
surface filling the space available for adsorption. Conversely, molecules that are larger than 
the channel diameter cannot enter and thus remain on the outer surface of the zeolite 
framework. It is also possible for the ions to be partially exchanged, i.e. when the volume of the
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ions is such that they completely fill the intra-crystalline space in the channel before complete 
exchange can be attained (Townsend, 1984).
S.2.2.3 Ion exchange complications in natural zeolites
Natural zeolites have a major disadvantage, and that is due to the very nature of their 
formation - they are 'naturally formed minerals'. Within any geological deposit variations in the 
structure, pore size and the number and nature of exchange sites will differ, thus affecting the 
physico-chemical characteristics of the zeolite sample. Structural defects are also a common 
problem with natural zeolites caused either during formation and/or as a result of fine 
particulates blocking pore openings.
The formation of calcite and clay minerals within these deposits can have a profound 
affect on the zeolites ability to immobilise heavy metals. As mentioned in section 4.3.1.1, the 
presence and type of clay mineral present within a deposit will have an impact on the degree to 
which the zeolite will immobilise heavy metals, e.g. the 2  : 1 type expanding clay minerals 
(montmorillonite) exhibit a high cation exchange capacity, and as such may compete for heavy 
metal sorption with the zeolite.
The presence of calcite in a zeolite deposit can have a marked influence on the 
removal efficiency of heavy metals in solution. Ouki & Kavanagh (1997) showed that the 
presence of calcium concentrations (in solution at 400 mg/l) had a negligible effect on the 
removal efficiency of a mixed metal solution (10 mg/l). However, a drastic decrease in the 
removal efficiency (from 98% to 0%) was observed when calcium concentrations exceeded 
1 0 0 0  mg/l, suggesting that at high concentrations calcium can be a major competing cation for 
ion exchange, and as a result can have a significant effect on the zeolites ability to remove 
heavy metals. Zamzow & Murphy (1992), conducting column experiments with an 'as received' 
clinoptilolite, observed a decrease in Cd, Cu, Ni, Pb and Zn removal with varying 
concentrations of Na, Ca and NH/f in solution. Clearly, in real media (soils, sludges and 
wastewaters) the levels of Na, Ca and NH4+ are significantly higher (~g/kg, compared with 
heavy metals -mg/kg), and as such play an important role in competing with heavy metals for 
the ion exchange sites of zeolites.
Consequently, hydrogen ions are known to be one of the cations most readily 
exchanged by zeolites (Breck, 1974; Barrer, 1978). Thus, for the effective exchange of heavy 
metal cations, the pH should be kept sufficiently high so that hydrogen ions will not seriously 
interfere with their removal from solution (Garland & Apian, 1995).
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The presence of organic molecules could also hinder metal removal efficiencies. This 
effect can be due to the formation of organometallic complexes that cannot penetrate the 
zeolite exchange channels (Mier et a i, 2001). Exchange of complexes in zeolites is far more 
complicated in that (Maes & Cremers, 1986):
• due to sieve effects, the exchange of complexes is restricted to the accessible part of 
the crystal;
• steric effects, due to the bulkiness of the complexes or limited pore space, may further 
limit the extent of exchange; and,
• competition between solvent, ligand and lattice oxygen for the co-ordinating metal ion 
may shift ion positions in the crystal.
5.3 Experimental Investigations of the Natural Zeolite Clinoptilolite
The objective of the experimental investigation was to evaluate the capacity of the 
clinoptilolite sample for removing mixed metals from synthetic and aqueous solutions under 
different operating conditions (pH, contact time and mixed metal concentration). It was 
considered not necessary to evaluate the capacity of clinoptilolite for single metal solutions 
since the aim of this project was to utilise the zeolite for sludge-amended soil remediation; a 
media that is multi-heavy metal in nature.
The use of batch and/or column techniques have been widely used to study the 
exchange capacities of these zeolites (Loizidou, 1990; Bremner & Schultze, 1995; Gharaibeh & 
Dwairi, 1996; Ouki & Kavannagh, 1997). Although batch techniques are not as informative as 
column, they do provide a simple and fast method for preliminary investigation of the material to 
be used. Batch techniques were conducted for all subsequent experiments throughout this 
chapter.
5.3.1 Experimental Methodology
All metal salts used to prepare the mixed metal solutions, and NaOH used for pH 
correction, were of AnalaR™ grade - supplied by BDH Laboratory Supplies, Poole, UK. The 
nitric acid used for pH correction was Aristar™ grade (BDH Laboratory Supplies). All 250 ml 
polypropylene bottles were acid washed using 5 % nitric acid, and rinsed three times using 
double-distilled deionised water.
pH measurements were conducted in the laboratory using a Corning 415 analogue pH 
meter with a Mettler Toledo 407 pH electrode. Calibration of the pH meter was performed
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using both pH 4 and 7 reference solutions, following the procedure outlined in the Corning 415 
manual.
All experiments were conducted in duplicate at a temperature of 22 - 24°C. Control 
mixed metal solutions (i.e. mixed metal with no addition of zeolite), and blank double-distilled 
deionised water plus zeolite samples were run at the same time. The clinoptilolite sample (from 
South Africa, supplied by the British Zeolite Company) used throughout all experiments was not 
treated, i.e. 'as received' to limit any chemical intervention. This is very important as any future 
commercial use would not facilitate the need for preparation costs.
Figure 5.0 shows the experimental methodology used to assess the zeolite efficiency, 
in terms of heavy metal removal from solution, as a function of pH, contact time and mixed 
heavy metal concentration.
The term 'removal' is used throughout the rest of this chapter to signify the removal of 
metal ions from aqueous solution by either sorption by the zeolite and/or through precipitation.
For all experiments the percentage heavy metal removed by clinoptilolite was 
calculated using the following equation:
% Removal = [ (Cj - Cr) / Ci ] x 100 Equation 5.0
where, Ci = initial metal ion concentration (mg/l) and Cr = residual metal ion 
concentration (mg/l). Both C, and Cr were 'blank corrected' before calculations were 
undertaken, i.e. concentration obtained from the deionised water plus zeolite was 
subtracted from the values obtained for Ci and Cr.
Consequently, the sorption capacity, or amount of heavy metal removed from solution 
by the exchanging media, can be quoted in terms of milligrams per mass of media (mg/g, 
sometimes quoted as meq/g - milli-equivalents per mass of media) (Al-Haj All & El-Bishtawi, 
1997; Kiely, 1997; Ouki & Kavannagh, 1997). To convert the concentration of removal in mg/l 
to mg/g the following equation was used:
Sorption capacity (mg/g) = (Ci - Cr) (mg/l) Equation 5.1
Slurry concentration (g zeolite/l)
where, Ci = initial metal ion concentration (mg/l) and Cr = residual metal ion 
concentration (mg/l).
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Figure 5.0: Zeolite Sorption Experimental Methodology
100 ml of mixed metal solution containing *10 mg/l each of Cd, Cu, Ni, Pb and Zn 
measured into 250 ml polypropylene bottle 
[initial metal ion concentration - CJ
pH recorded and adjusted using 1 -10% HNO3 or 1 -10 % NaOH
I
Experiment 1 
(section 5.4.2)
pH 4,5,5.5 , 6  and 7
Experiment 2 Experiment 3
(section 5.4.3) (section 5.4.4)
pH 5,5.5 and 6  pH 5.51 z
0.500 g ± 0.005 g 'as received' clinoptilolite added to each bottle1 z
pH immediately recorded
Experiment 1 Experiment 2 Experiment 3
zeolite/metal solution zeolite/metal solution zeolite/metal solution
shaken for 24 hrs shaken for 10,20,45,120 and shaken for 240 mins
pH recorded after expired contact time
zeolite/metal samples centrifuged at 3000 rpm for 5 mins
1
supernatant transferred to Sterilin™ bottles 
stored at 4°C until analysis by FAAS or Flame Photometry 
[residual metal ion concentration - Cr]
*Experiment 3 was undertaken using mixed metal solutions containing 1,10, 50,100, 250 and 
500 mg/l each of Cd, Cu, Ni, Pb and Zn.
5.3.2 Effect of pH on Heavy Metal Removal by Clinoptilolite
A change in solution pH can have a marked effect on metal removal by zeolites due to 
changes in both metal spéciation and zeolite integrity - clinoptilolite is known to partially 
degrade and lose its ion exchange capacity in alkaline media (Mier et a i, 2001). Bremner &
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Schultz (1995) explained the effect of pH change when zeolites are added to acidic drainage, 
due to partial hydrolysis of metal cations according to:
Mz+ + HOH = MOHM) + H+ Equation 5.2
where, hydrolysis of the metal cations (Mz+) drives the equation to the right and lowers the pH. 
Conversely, the removal of cations reverses the equation and the pH increases. Bremner & 
Schultze (1995) concluded that increasing the pH of the treated solutions, this resulted in a shift 
in the equilibrium of the hydrolysis reactions, rather than the uptake of hydrogen ions by the 
zeolite.
The hydroxides of the heavy metals most frequently present in contaminated 
soil/sediment/water are subject to a strong decrease in solubility when the pH is increased. 
The effect of pH on metal spéciation can clearly be illustrated with the solubility of metal 
hydroxides at different pH's. Figure 5.1 shows the solubility of heavy metal hydroxides as a 
function of pH.
When the solubility limits are reached, in solution, for the heavy metal concerned 
precipitation will result as a function of increasing the pH. Heavy metals are present as 
hydrated cations in water at neutral pH values, and thus behave as acids. When zeolites come 
into contact with acidic solutions, proton exchange will occur.
Figure 5.1: Solubility of Heavy Metal Hydroxides as a Function of Solution pH.
t oo
fz n
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0.1
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(Conner, 1990)
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Figures 5.2 - 5.6 show the effect of mixing clinoptilolite with a mixed heavy metal 
solution of Cu, Cd, Ni, Pb and Zn (10 mg/l in 100 ml) as a function of changing the solution pH 
(range 4 -7 ) .  The results show the percentage metal removed (using equation 5.0) by 
clinoptilolite as a function of pH, after 24 hours contact time. Control mixed metal solutions, 
containing no zeolite, over the same pH range (4 - 7) are also presented with each figure.
Figure 5.2: Effect of pH on Cu Removal
100 , 
90 - 
80 - 
70 - 
60 -
30 - 
20 -  
10 -
* —  clinoptilolite - - *  - - no zeolite
Initial Cu concentration = 
10 mg/l
Contact time = 24 hours
Figure 5.3: Effect of pH on Cd Removal
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Initial Cd concentration = 
10 mg/l
Contact time = 24 hours
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Figure 5.4: Effect of pH on Ni Removal
100
80 -
60 -
40 -
20 -
* —  clinoptilolite no zeolite
Initial Ni concentration = 
10 mg/l
Contact time = 24 hours
Figure 5.5: Effect of pH on Pb Removal
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-#—  clinoptilolite no zeolite
Initial Pb concentration = 
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Contact time = 24 hours
Figure 5.6: Effect of pH on Zn Removal
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—  clinoptilolite - - - - - - -  no zeolite
Initial Zn concentration = 
10 mg/l
Contact time = 24 hours
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One of the main problems evident from these experiments is the precipitation of metals 
as shown by the 'no zeolite' curves, caused by the use of NaOH, and the inherent nature of the 
zeolite in solution (possible reaction of any available salts, anions, etc). At low pH values one 
would expect simultaneous uptake of hydrogen ions by the zeolite, thus lowering the sorption 
capacity of the zeolite for heavy metals. Consequently, at higher pH values one would expect a 
low exchange capacity due to the precipitation of metal hydroxides as a result of the alkaline 
reaction of the zeolites in aqueous solutions (Rebedea, 1997). At higher pH values, before di- 
or tri-valent cations enter the crystal, the smaller hydronium ions resulting from the hydrolysis of 
water, partially exchange with the sodium cations of the zeolite. Thereby, the hydroxyl ions of 
the sodium hydroxide react with the heavy metal cations to form partially soluble solids, which 
precipitate at the crystal surface (Rebedea, 1997). Therefore, the precipitation of metallic 
species, and the formation of anionic hydroxy-complexes are important potential reactions in 
the basic pH range. These reactions could decrease the efficiency of ion exchange (through 
pore/channel blockage within the zeolite framework) in the separation of metals with zeolites.
In contrast to the control solutions (no zeolite addition), the percentage removal with pH 
shows that the zeolites are removing more heavy metals as the pH is increased, with maximum 
removal seen at pH 7 for most metals, namely 97.8 % Cu, 72.3 % Cd, 48.9 % Ni, 98.2 % Pb 
and 66.9 % Zn. However, considering the effect of pH on the control solutions, the problem of 
metal precipitation at pH values greater than 5 for copper and lead, greater than 5.5 for nickel 
and greater than 6 for zinc are evident. There was no pH effect from metal precipitation for 
cadmium, as one would expect given the high solubility of this metal as shown in Figure 5.1.
The effect of pH variation, showing either partial hydrolysis of metal cations and/or 
removal of cations through ion exchange, was negligible for pH 5.5,6 and 7 measured over the 
contact time. The only significant change in pH, where pH increased over the 24-hour contact 
time, was for pH 5 (0.3 unit increase) and 5.5 (1.0 unit increase), indicating ion exchange taking 
place. Details of the pH values recorded for all experiments can be found in Appendix B.
The amount of magnesium and potassium released into solution was negligible 
(Figures provided in Appendix B), however both sodium and calcium were released into 
solution and are presented in Figures 5.7 and 5.8 respectively. All values presented are blank 
corrected.
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Figure 5.7: Effect of pH on Na Release
—  Na in solution no zeolite
Contact time = 24 hours
Initial mixed metal 
concentration =10 mg/l
Figure 5.8: Effect of pH on Ca Release
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Figure 5.7 clearly shows the effect of increased NaOH addition at pH values greater 
than pH 5. The sodium released at pH 4 and 5 can be presumed to be a direct result of ion 
exchange mechanisms with clinoptilolite. Whether this is attributed to removal by metal cations 
or hydrogen ions is unclear. The erratic removal seen from pH 5.5 onwards may be linked to 
precipitation of metals from these solutions, as a function of zeolite/solution interactions. Figure 
5.8 highlights the effect of increasing pH on calcium release and shows an increased release 
from pH 4 to 6, with possible precipitation of Ca(OH)2 species causing the decrease at pH 7.
Zeolites such as clinoptilolite are not only influenced by pH but in turn are capable of 
affecting solution pH especially in batch systems (Ouki & Kavannagh, 1997). Both calcium and 
sodium are the major cations released into solution together with bicarbonates/carbonates.
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Thus arises the problem of obtaining a desired experimental pH, since both inorganic and 
organic impurities present within the zeolite framework may complex or precipitate the heavy 
metals of interest. As previously mentioned, the possibility of internal precipitation within the 
zeolite framework would cause heavy metal precipitation to occur within the channels and/or at 
the surface of the zeolite framework. Overall, the ideal pH for metal removal in synthetic and 
aqueous solutions is difficult to predict due to these problems, especially at pH values greater 
than 5.
It should be stressed that the greenhouse trials (in Chapter 6) will be assessing the 
immobilisation of heavy metals by clinoptilolite from soil media, i.e. pH of research media 
(section 3.5.1): sludge-amended soil (RFC) 7.85; non-sludge amended soil (RFU) 6.00; 
anaerobically digested dewatered sludge (ADDS - OX) 6.82, and; commercial peat 5.50. One 
would expect the pH of the soils during the trials to have a slightly lower solution pH due to 
root/soil interactions and microbial interactions taking place within the soil. Therefore, as a 
result one would ideally need to assess the zeolite behaviour in solutions containing heavy 
metals from pH 5 to 6.
5.3.3 Effect of Contact Time on Heavy Metal Removal by Clinoptilolite
As detailed in section 5.3.1, duplicate zeolite additions were added to 10 mg/l mixed 
metal solutions (corrected to either pH 5, 5.5 or 6) and shaken for the following contact times: 
10 mins, 20 mins, 45 mins, 120 mins and 240mins. Both control (mixed metal solution without 
zeolite addition) and blank (double-distilled deionised water plus zeolite) solutions were also run 
in these experiments. Figure 5.9 shows the average (over pH 5, 5.5 and 6) percentage metal 
removed by clinoptilolite over the contact time experiments - values were blank corrected.
For all the heavy metals studied, removal from solution through contact with added 
clinoptilolite occurred rapidly within the first 10 minutes. The most significant removal trend 
occurs for lead where 91.4 % is removed from solution within 10 mins, and maximum removal 
of 98.0 % achieved at 45 mins. The remaining metals show a sharp increase in percentage 
removal within 10 mins, levelling at 2 hours (120 mins) contact time.
Care must be taken when assessing the removal mechanism for these metals, since it 
has been shown that precipitation plays an important role in these experiments. The effect of 
pH on precipitation is clearly highlighted in Appendix B, where metal removals (in terms of mg/l) 
are shown for each pH undertaken in the contact time experiment.
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Figure 5.9: Percentage Removal of Heavy Metals by Clinoptilolite as a Function of 
Contact Time
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However, using the percentage metal removal as a basis for identifying the selectivity 
of individual heavy metals for clinoptilolite (and also precipitation reactions), the following series 
can be drawn: Pb > Cu > Cd > Zn > Ni. This selectivity for heavy metals agrees with those 
found by Ouki & Kavannagh (1997), despite the authors using a Na-exchanged clinoptilolite. 
Consequently, in terms of the enthalpy of hydration series, one would expect copper to be more 
difficult to remove from solution due to its high degree of hydration: thus preferentially 
remaining in solution, and not have a greater selectivity than cadmium or zinc.
The removal of K, Mg, Ca and Na, quoted as average values by clinoptilolite (over pH 
5,5.5 and 6) in mg/l as a function of contact time, are presented in Figure 5.10.
Figure 5.10 shows within a contact time of 20 minutes a rapid release for calcium (12.4 
mg/l) and sodium (7.1 mg/l), and to a lesser extent magnesium (1.7 mg/l), from the zeolite 
framework into solution. The rapid release of calcium into solution may be a direct result of the 
breakdown of impurities within the clinoptilolite sample, e.g. calcium oxides and/or carbonates. 
However, over the duration of the contact time experiment there is a marked decrease in 
calcium (6.4 mg/l at 240 mins) removal as sodium (9.9 mg/l at 240 mins) removal increases. 
Calcium reduction could be attributed to the precipitation of calcium salts within solution and/or 
exchange of calcium from solution back into the zeolite as defined by the selectivity series of 
the enthalpies of hydration (K > Na > Pb > Ca > Cd > Mg > Zn > Cu > Ni). Overall there is little
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removal of ions of K from the clinoptilolite framework into the mixed metal solution over a pH 
range of 5-6.
Figure 5.10: Effect of Contact Time by Clinoptilolite on K, Mg, Ca and Na Release
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5.3.4 Effect of Mixed Metal Concentration on Heavy Metal Removal by 
Clinoptilolite
As detailed in section 5.3.1, duplicate clinoptilolite additions were added to varying (1, 
10, 50, 100, 250 and 500 mg/l) mixed metal solutions and shaken for 240 mins. All mixed 
metal solutions were pH corrected to pH 5.5 before zeolite addition, giving an average 
response to the way in which clinoptilolite might react in the greenhouse trials. Both control 
(mixed metal solution without zeolite addition) and blank (double-distilled deionised water plus 
zeolite) solutions were also run in these experiments. Figure 5.11 shows the percentage 
removal of heavy metals at different mixed metal concentrations: all percentage metal removals 
were blank corrected.
All heavy metals are removed at 1 mg/l, and in general, heavy metal removal 
decreases as the mixed metal solution concentration is increased. Figure 5.11 clearly shows 
that high selectivities were obtained for Pb for all mixed metal solution concentrations, where 
complete removal (100 %) is observed for 1,10 and 50 mg/l, decreasing to 22.2 % removal at 
500 mg/l. The effect of concentration on percentage metal removal is clearly shown using 
clinoptilolite, e.g. only 0.5 % of Cd is removed when the initial concentration is 100 mg/l, while 
100 % of the metal is removed when the initial concentration is 1 mg/l.
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Figure 5.11: Effect of Mixed Metal Concentration on % Removal by Clinoptilolite
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The clinoptilolite selectivity sequences, in terms of percentage metal removal, for each 
mixed metal solution concentration are outlined below:
100 mg/l Pb > Zn > Ni > Cu > Cd
250 mg/l Pb > Cu > Cd > Ni > Zn
500 mg/l Pb > Ni > Cd > Cu > Zn
The change in heavy metal selectivity after 10 mg/l may in part be due to the 
interaction of metals for exchange sites with the zeolite framework. However, lead remains the 
main element that is removed in preference to the other heavy metals over all mixed metal 
concentrations, thus agreeing with studies found within the literature (Table 5.1).
It is important to remember that the percentage metal removals from a mixed metal 
solution may have either been removed by the clinoptilolite and/or by precipitation reactions at 
pH 5.5. Table 5.2 highlights the sorption capacity (mg/g) of clinoptilolite in terms of each metal, 
and the selectivity series in terms of all metals for each mixed metal concentration assessed; 
experimental conditions = pH 5.5, contact time = 240 minutes.
1 mg/l Cd = Cu = Ni = Pb = Zn
10 mg/l Pb > Cu > Cd > Ni = Zn
50 mg/l Pb > Cd > Cu > Zn > Ni
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Table 5.2: Sorption Capacity for Clinoptilolite at Different Mixed Metal Concentrations
Mixed metal 
concentration 
(mg/l)
Sorption capacity 
(mg/g)
Cd Cu Ni Pb Zn
1 0.2 0.2 0.2 0.2 0.2
10 1.0 1.1 0.7 2.0 0.7
50 2.1 1.7 0.1 10.0 0.7
100 0.1 1.4 1.9 18.0 2.1
250 1.4 1.6 1.1 24.9 0.4
500 0.7 0.4 0.9 22.2 0.3
Table 5.2 shows the greatest removal for each metal is as follows: Cd (2.1 mg/g at 50 
mg/l), Cu (1.7 mg/g at 50 mg/l), Ni (1.9mg/g at 100 mg/l), Pb (24.9 mg/g at 250 mg/l) and Zn 
(2.1 mg/g at 100 mg/l). Clinoptilolite shows a higher selectivity for Pb, Ni and Zn and should 
therefore remove these metals from water, soil/sludge solutions. However, the clinoptilolite is 
less selective for Cd and Cu, according to the amount that can be removed per weight of zeolite 
used.
Poor sorption capacity of the clinoptilolite may be attributed to pore blocking caused by 
metal precipitation onto the surface of the zeolite framework, competition from anion 
complexes, and/or competition from framework cations for exchange sites. Of course, smaller 
particle sizes, allowing a greater surface area thus increasing the exchange capacity, would 
help increase the zeolites efficiency.
Figures 5.12 and 5.13 show the release (mg/l) of Na, Ca, Mg and K with respect to 
mixing clinoptilolite with a mixed metal solution of changing concentration (quoted in terms of 
mg/l total metal). All values were blank corrected.
Figure 5.12: Na Release as a Function of Mixed Metal Concentration by Clinoptilolite
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Figure 5.13: Ca, K and Mg Release as a Function of Mixed Metal Concentration by 
Clinoptilolite
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Sodium shows the greatest release from the clinoptilolite framework with increasing 
mixed metal concentration suggesting that ion exchange with solution cations was taking place. 
Also, an increased release of potassium as a function of increasing mixed metal concentrations 
also suggests that ion exchange mechanisms are predominating. Both magnesium and 
calcium release were evident for 1 mg/l and 10 mg/l mixed metal concentrations, levelling to a 
constant zeolite release for 50 mg/l and above.
5.4 Summary
The main findings of this chapter are:
• the effect of pH on zeolite capacity to remove heavy metals from a synthetic and 
aqueous solution was difficult to determine due to the effect of metal precipitation due 
to NaOH addition to correct pH. Furthermore, another problem may be due to the 
interaction of impurities (calcium compounds, carbonate/bicarbonates, etc) from the 
zeolite sample, precipitating metal cations. Ouki & Kavannagh (1997) and Mier et al., 
(2001) found problems with obtaining the desired system pH when conducting these 
experiments. It would seem that the zeolite/solution cannot be buffered successfully at 
a desired pH since both inorganic and organic buffers may complex or precipitate the 
heavy metal of interest. Removal of both magnesium and potassium is negligible over 
the pH range 4 to 7. Sodium release from the clinoptilolite framework shows an 
irregular pattern from pH 5 to 7 due in part to the mechanisms mentioned above, whilst
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calcium release shows a steady increase to pH 6 and decrease at pH 7 (probably due 
to precipitation mechanisms);
• the contact time experiments show a rapid increased removal for all heavy metals from 
solution within the first 10 mins, reaching a steady uptake by 120 mins (2 hours). The 
highest percentage metal removal occurs for Pb in which 98.0 % removal is achieved 
by 45 mins. The selectivity of the clinoptilolite for heavy metals (presuming ion 
exchange is the only mechanism taking place) over the contact time experiments is: Pb 
> Cu > Cd > Zn > Ni. However, the problems of removal due to precipitation reactions 
also play an important part in these experiments, and it is therefore difficult to 
determine the full selectivity due only to ion exchange. Interestingly, the zeolite release 
of calcium into solution was greatest at 20 mins and decreased throughout the contact 
time as sodium release increased. The large increase in calcium can be attributed to 
the dissolution of impurities within the zeolite sample. Therefore, as the contact time 
progressed, calcium ions would be taken up by the zeolite and replaced in solution by 
sodium;
• the effect of increasing the mixed metal solution concentration showed a change in 
metal selectivity in every case, highlighting the impact of metals for exchange sites. 
Maximum removal of all metals was observed at 1 mg/l, with a drastic decrease for Cu, 
Cd, Ni and Zn from 50 mg/l. Lead removal was 100 % for 1, 10 and 50 mg/l, 
decreasing to 22.2 % by 500 mg/l. This highlights the strong affinity for lead ions by 
clinoptilolite. Increased sodium release with higher mixed metal concentration 
suggests that ion exchange with solution cations was taking place: a similar trend is 
suggested for potassium. Both magnesium and calcium removal were evident for 1 
and 10 mg/l mixed metal concentrations then levelled to a constant removal at 50 mg/l 
and above.
These laboratory experiments conducted on synthetic solutions do not equate to the 
real-life problem of soil/sludge solution interactions and the multi-ion systems that exist in these 
media. Therefore, the results from this chapter show the best that can be expected from 
synthetic solution/clinoptilolite interactions. One of the main shortcomings of this chapter was 
the need to undertake simulated zeolite batch experiments on soil/sludge slurries, by taking 
measurements at the 'environmental pH' (pH the media would have in the environment) and 
assessing the interaction of all major elements, anions and heavy metals within the soil/sludge
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matrix, soil/sludge solution and clinoptilolite matrix. However, it will be interesting to see if 
clinoptilolite can sorb more heavy metals than has been shown here, in soil/sludge media.
The effect of sodium release and potential decrease in calcium uptake to plants due to 
zeolite immobilisation will be addressed together with clinoptilolite efficiency for heavy metal 
immobilisation in the following chapter.
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CHAPTER 6 
HEAVY METAL UPTAKE IN FORAGE 
CROPS GROWN IN SOIL TREATED 
WITH CLINOPTILOLITE
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6.1 Introduction
The main objective of this chapter is to evaluate the effect of natural zeolite 
(clinoptilolite) additions to sludge-amended, organic-rich, and freshly applied sludge-amended 
soil with respect to the uptake of heavy metals by commonly grown forage crops, namely, 
perennial ryegrass and white clover. A holistic approach has been adopted in this chapter in 
which the affect from zeolite addition to the soil media upon heavy metal (Cd, Cu, Ni, Pb and 
Zn) and major element (Ca, K, Mg and Na) plant uptake are assessed by analysis of soil, plant 
top and root media.
The results obtained from these experiments will help achieve an environmental 
approach to the feasibility of using natural zeolites, such as clinoptilolite, as remediation media 
for heavy metal contaminated soils.
6.2 Impact of Sewage Sludge Additions to Forage Crops on 
Agricultural Soils
The application of sewage sludge to agricultural land can have a wide range of effects 
within the soil and plant environment, especially considering the mobility and bioavailability of 
heavy metals from both the soil and the sludge entering the soil. Of concern in agricultural 
systems is the bioavailability of these heavy metals present within sludge-amended soils, 
especially relative to the plant-animal system.
The problem of phytotoxic plant effects, as a result of heavy metal toxicity, can lead to 
decreases in crop yield, and thus economic losses. The elements of most concern regarding 
phytotoxicity are Cu, Ni and Zn (Lake, 1987). Heavy metals may induce phytotoxicity by 
(Chang eta!., 1992):
•  altering the plant water relations, thereby causing water stress and wilting;
• increasing permeability of the root cell plasma membrane, thereby causing 
roots to become less selective in the extraction of constituents from the soil;
•  inhibiting photosynthesis and respiration; and,
• adversely affecting the activities of metabolic enzymes.
The potential for bioavailability of heavy metals in sludge-amended soils is influenced 
largely by the physico-chemical properties (especially pH) of the soil, the physico-chemical and 
microbiological characteristics of the sludge being applied, and the plant species. Uptake of 
heavy metals by plants reflects increasing levels of heavy metals in soils, especially those
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metals that are more mobile (Tiller, 1989). In most heavy metal contaminated soils the
presence of other heavy metals and major nutrients can affect the likelihood of plant uptake
through additive, synergistic, or antagonistic effects (as mentioned in Chapter 1, Table 1.6). 
Also the uptake of heavy metals for some plant species will be limited to the non-edible portions 
of the plant, whilst in others metal uptake will be increased into edible portions.
6.2.1 Heavy Metal Uptake by Crops Grown in Sludge-amended Soils
Crops differ in their ability to absorb, accumulate and tolerate heavy metals, with 
differences occurring between and within a species variety. Research conducted by Davis & 
Carlton-Smith (1980) on crops grown on sludge-amended soils, concluded that plant species 
showing highest- lowest accumulation followed different trends, namely:
• Cd: tobacco > lettuce > spinach > celery > cabbage;
• Pb: kale > ryegrass > celery;
• Cu: sugar beet > some barley varieties;
• Ni: sugar beet > ryegrass > mangold > turnip; and,
• Zn: sugar beet > mangold > turnip.
Alloway et a i, (1990) showed that the uptake of cadmium by crops decreased in the 
order: lettuce > cabbage > radish > carrots. Another sequence of heavy metal concentrations 
in the plant tissues from sludge-amended soils was found to be Zn > Cu > Ni > Cd > Pb for 
wheat grain and carrot roots, and Zn > Cu > Cd > Ni > Pb for spinach leaves (Hooda et al.,
1997). The threshold pH levels at which extractability increased in a range of soils was found
to be: 5.8 - 6.5 for Zn, 6.2 - 6.5 for Ni, and 4.5 - 5.0 for Cu (Alloway & Jackson, 1991).
Cadmium is of particular concern due to its high toxicity, long retention time and high 
mobility in the environment (Alloway & Jackson, 1991). It is best known for its toxicity to plants 
at low concentrations, and as a causative agent for several disease syndromes in animals and 
humans (Safaya etal., 1987).
The role of other major and minor elements may have a profound effect on the 
availability of trace cations, anions, and metallo-organic complexes in the soil. Interactions 
between major and trace elements (Table 1.6) show clearly that Ca, P and Mg are the main 
antagonistic elements against the absorption and metabolism of several trace elements 
(Kabata-Pendias & Pendias, 1984). Also, fertiliser and lime applications may significantly affect
165
the relationship between trace elements in the soils and plants as these applications change 
the chemical properties of the soil and soil solution.
6.2.1.1 Perennial ryegrass and white clover forage crops
Perennial ryegrass has been used in temperate farming systems as a forage crop due 
to high yield potential, fast establishment, and the ability to grow on heavy and waterlogged 
soils. Its high payability and digestibility make this species a highly valued crop for both dairy 
and sheep forage systems. It grows best on fertile, well-drained soils, although it is tolerant of 
poorly-drained soils and is frequently used in these environments (Evers et al., 1996). 
Perennial ryegrass tolerates both acid and alkaline soils, with a pH range of 5 to 8.3, with 
forage production best at pH 6 to 7 (Evers et a i, 1996). This grass species withstands close 
frequent grazing and thus is ideally suited for intensive sheep and cattle grazing systems.
White clover is the most important pasture legume in temperate region pastures, 
having the ability to fix nitrogen from the soil, using the nitrogen-fixing bacteria {Rhizobium) 
present in swellings (nodules) on its roots. Its nitrogen is obtained from that fixed by the 
bacteria in the nodules and can be entirely independent of nitrates in the soil (Forbes & 
Watson, 1992). In return, the bacteria obtain carbohydrates from the plant through a symbiotic 
relationship. The white clover bacterial symbiosis can supply as much as 200 kg N ha-1 y 1 
(Smith, 1996). White clover favours well-drained silt loam and clay soils of pH 6 to 7, and does 
not tolerate saline or highly alkaline soils (Evers et ai., 1996).
The survival rate of the white clover bacteria was shown to decrease in the presence of 
sludge-derived heavy metals (McGrath et ai., 1988; Giller et al., 1989; Obbard, 2001). The 
order of decreasing toxicity to symbiotic nitrogen-fixation has been ranked by McGrath et al., 
(1988) as Cd > Ni > Cu > Zn > Pb. Their research provided evidence of severe decreases in 
the efficiency of Rhizobium infecting roots of white clover (Trifolium repens. L), grown in a 
sandy loam soil that had received sewage sludge with large metal contents many years 
previously (McGrath etal, 1988).
Ward et al., (1977) investigated the tolerance of both perennial ryegrass and white 
clover on the effect from road traffic associated pollution, especially lead. They concluded that 
both high lead levels in the substrate reduced plant height and retarded germination of seeds 
for both species. Their data indicated that ryegrass had a greater tolerance to lead than clover.
Forage crops that are commonly grown together for pasture and silage production 
include perennial ryegrass and white clover, and as such were the chosen forage crops for this 
study.
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6.2.2 Plant Requirements of Ca, K, Mg and Na
This section details the importance of essential elements such as Ca, Mg and K and 
their role in plant health. Also, of importance in this research is the understanding of how the 
soil, soil solution and plant tissues utilise sodium, and its affect on plant health.
6.2.2.1 Calcium
Calcium promotes the coagulation of soil colloids and thus improves soil structure and 
the stability of soil particles. As the electrostatic charge of Ca2+ is high due to its divalency and 
thin hydration shell, Ca2+ is relatively strongly adsorbed to different kinds of clay minerals in the 
soil (Mengel & Kirkby, 1978). Calcium is ah essential element for plant health, responsible for 
cell elongation and cell division, and in the inhibition of abscission and delaying of leaf growth 
(Mengel & Kirkby, 1978). According to Loneragan & Snowball (1969) legumes and herbs not 
only take up higher amounts of calcium, but also require higher calcium contents for optimum 
growth. Typical concentrations of calcium in healthy plant tissue range from 5 to 50 mg/g (dry 
weight) (Forbes & Watson, 1992).
Acidification of soils and Ca2+ loss by leaching run parallel under humid climate 
conditions. Therefore, liming soils with a calcium salt (e.g. CaCOs) allows the neutralising of H+ 
ions, thus raising pH and increasing the soils cation exchange capacity (ability to sorb cations). 
Calcium also protects the soil from deterioration, and also defends plants against the toxic 
effects of sodium (Rowell, 1997).
6.2.2.2 Potassium
Potassium plays many important roles in higher plants: essential for photosynthesis, 
protein synthesis, starch formation and for the translocation of sugars (Brady, 1990). It is a 
highly mobile element within the plant and helps to regulate the opening and closing of 
stomates in leaves and the uptake of water by root cells. Where there is a deficiency of 
potassium, soil sodium has been found to partially take its place in the plant. The balancing 
effect potassium exerts on both nitrogen and phosphorus (prevents excessive nitrogen and 
phosphorus uptake), makes this an important element in fertiliser additions.
Liming of agricultural soils, whilst raising soil pH, results in an increased soil cation 
exchange capacity, and thus increased adsorption of potassium by the soil colloids. High 
calcium levels (as a result of liming) in the soil solution may reduce potassium uptake by plants; 
potassium deficiency has been noted in soils with excess calcium carbonate (Brady, 1990).
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Typical concentrations of potassium in healthy plant tissue ranges from 10 to 80 mg/g 
(dry weight) (Forbes & Watson, 1992). Critical concentrations of potassium for ryegrass have 
been reported to be 20 g/kg (Paasikallio, 1999).
6.2.2.3 Magnesium
Magnesium is commonly found in soils either bound by clay particles, and/or as 
exchangeable and soluble Mg2+ ions. In general, magnesium is taken up by plants in lower 
quantities than calcium or potassium. However, high levels of both calcium and potassium 
nutrition often depress total magnesium uptake, with calcium and potassium affecting the 
magnesium content of different plant organs to a varying extent (Mengel & Kirkby, 1978). The 
main role of magnesium in plant biochemistry is its role in chlorophyll and helps to activate 
enzymes involved in energy transfer during photosynthesis and respiration (Mengel & Kirkby, 
1978).
Typical concentrations of magnesium in healthy plant tissue range from 0.5 to 8 mg/g 
(dry weight) (Forbes & Watson, 1992).
6.2.2.4 Sodium
Sodium is present in certain silicate minerals including some feldspars and amphiboles 
but is largely absent from the minerals typical of sedimentary rocks (Allen, 1989). It contributes 
to the ionic balance in cells and tissues and is essential for animal life. Sodium has been 
shown to be an essential micronutrient for certain halophytes as well as for blue-green algae 
(MAFF, 1971). However, excess sodium ions in the soil solution can be inhibitory to certain 
plant processes. Plant sensitivity to various sodium levels in soil is dependent on plant species 
and stage of plant development. Characteristics of sodium toxicity to higher plants are leaf-tip 
burn, necrotic spots, and limited leaf expansion, thus reducing yield (Evangelou, 1998). The 
specific results of sodium on plant physiological processes include antagonistic effects on 
calcium and magnesium uptake and calcium deficiency (Evangelou, 1998). Typical 
concentrations of sodium in healthy plant tissue range from 0.08 to 10 mg/g (dry weight) 
(Forbes & Watson, 1992).
When sodium is the prominent adsorbed ion, as in some soils of arid and semiarid 
areas, the particles are dispersed and an undesirable soil structure results. Conversely, the 
adsorption of Ca, Mg or Al may encourage aggregate formation. These elements encourage 
individual colloidal particles to come together in small aggregates (Brady, 1990).
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Highly hydrated mono-valent cations, such as sodium, that are not very tightly held by 
the micelles enhance clay dispersion; more tightly held cations, such as calcium and 
magnesium, inhibit it (Brady, 1990).
The application of natural zeolites, such as clinoptilolite, has never been fully 
investigated in terms of the amount of zeolitic cations released during ion exchange within the 
soil/sludge media. Therefore, it was deemed necessary to assess both heavy metal (Cd, Cu, 
Ni, Pb and Zn) and main element (Ca, K, Mg and Na) uptake by plants in the greenhouse trials, 
and more importantly to quantify the amount of released zeolitic cations (especially Na).
6.3 Greenhouse Trial Methodology
Greenhouse trials are ideal research methods allowing the control of environmental 
conditions such as temperature, water and light. Whereas, field conditions are highly variable 
and as such controls on the environment cannot be maintained. However, researchers have 
shown that during pot trials the response of plants to toxic metals may greatly exceed uptake 
under field conditions due to differences in environmental conditions and rooting patterns (De 
Vries & Tiller, 1978; Rowell, 1997). Also, the identification of metal uptake with respect to time, 
especially the impact of sludge-amended heavy metals, cannot be ideally replicated in the 
greenhouse due to difficulties in reproducing field conditions. However, one may consider that 
under greenhouse trials the plants are being tested under the worst possible field conditions 
and as such provide useful data in determining heavy metal mobility and bioavailability of soils 
and plants.
Greenhouse trials rather than field trials were the preferred method of investigation for 
this research due to time constraints and availability of human resources.
The following soils and their reasons for use in the greenhouse trials are explained
below:
• sludge-amended soil (RFC) chosen for the heavy metal levels exceeding the MAFF (1998) 
guidelines;
• non-sludge amended soil (RFU) chosen as a background site (having no previous sludge 
additions);
• combination of non-sludge amended soil (RFU) with anaerobically digested dewatered 
sludge cake (ADDS-OX) chosen to assess the impact of heavy metal/zeolite conditions on 
fresh sludge-amended soil, compared with non-sludge amended soil (RFU); and,
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•  commercial peat (CP) used as to assess the impact on zeolite additions when appreciable 
amounts of organic matter are present.
A summary of the physico-chemical characteristics of the sludge-amended (RFC) and 
non-sludge amended soil (RFU), commercial peat (CP) and the anaerobically digested 
dewatered sludge (ADDS-OX) are highlighted in Table 6.0.
Table 6.0: Summary of the Physico-chemical Characteristics of the Research Substrate
CHARACTERISTICS RFC RFU CP ADDS-OX
Soil texture Sandy loam Sandy loam Peat ND
pH 7.85 6.00 5.50 6.82
Organic matter (%) 30.4 8.3 93.7 57.7
Cation exchange capacity 
(cmol/kg)
6.15 2.77 ND 9.24
Total1 metal content 
(mg/kg, dry wt)
Ni 144.4 31.0 0 31.1
Cu 358.9 25.9 163.0 762.2
Zn 521.8 102.8 151.9 710.1
Cd 20.0 1.6 0 2.6
Pb 170.3 45.3 16.9 131.9
Acetic acid 
extractable (% of 
Total' metals) - 
exchangeable
Ni 17.5 7.7 ND 33.4
Cu 5.5 3.5 ND 4.8
Zn 19.0 8.3 ND 11.3
Cd 29.0 0 ND 0
Pb 0 0.4 ND 0
Hydroxylammonium 
chloride (% of Total' 
metals) - Fe & Mn 
oxides
Ni 26.5 4.2 ND 10.0
Cu 25.1 14.7 ND 11.1
Zn 29.6 7.7 ND 29.8
Cd 60.5 0 ND 0
Pb 52.3 40.0 ND 8.8
Hydrogen peroxide 
and ammonium 
acetate (% of Total' 
metals) - sulphides 
and organics
Ni 12.9 11.9 ND 0
Cu 41.2 17.4 ND 30.5
Zn 6.1 8.6 ND 2.6
Cd 0 0 ND 0
Pb 21.8 9.3 ND 52.6
Residual (% of Total' 
remaining)
Ni 43.2 76.1 ND 56.6
Cu 66.9 64.5 ND 53.6
Zn 45.3 75.5 ND 56.3
Cd 0 100 ND 100
Pb 25.9 50.3 ND 38.6
ND - not determined
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6.3.1 Soil Preparation
For the field collected soils, both < 2 mm and > 2 mm air-dried soil were used in the 
preparation of pots for the greenhouse work. By using an equal mixture of both soil sizes there 
would be less risk of damage caused to the soil structure (affecting aeration and water 
retention). The larger size fraction (> 2 mm) also represents more closely, pedological 
conditions in the field.
The amount of soil used for the greenhouse trials was determined on the basis of the 
amount available for triplicate (or duplicate) trials. Using the experimental conditions for 
greenhouse trials quoted by Rowell (1997), taking into account the need for replicate/duplicate 
samples for each trial, a pot diameter of 12.7 cm was chosen, equating to 1 kg of dry soil mass 
per pot: the 12.7 cm pots obtained commercially, had a maximum capacity of 500 g air-dried 
soil, not 1 kg as quoted by Rowell (1997). Table 6.1 details the amount of dry soil mass that 
should be used for the available pot diameters.
Table 6.1 : Pot Diameter and Dry Soil Mass Capacity
Pot diameter (cm) Dry soil mass (kg)
15.2 1.5
12.7 1.0
11.4 0.6
10.1 0.4
8.9 0.3
7.6 0.2
(Adapted from Rowell, 1997)
A total of 500 ± 2 g air-dried soil (equal amounts of < 2mm and > 2mm size fraction) 
was used for both sludge-amended soil (RFC) and non-sludge amended soil (RFU) pots. The 
commercial peat (CP) was used as supplied and each pot contained 250 ± 2 g peat (fresh 
weight) for each pot.
Zeolite additions were set at 1,5,10 and 20 % of the total amount in the 500 g or 250 g 
soil pots. Table 6.2 highlights the amounts added depending on the soil type used. Blank 
samples (non-zeolite addition) containing soil only were also undertaken for each soil type. For 
each individual pot the zeolite addition was weighed into a clean container and the soil added to 
a total of 500 g (or 250 g for commercial peat). The zeolite and soil were thoroughly mixed in 
the container before being transferred into a clean, labelled pot and placed on wet capillary 
matting.
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Table 6.2: Zeolite Additions in Greenhouse Trials
Trial (%) 500 g pot - zeolite addition 250 g pot - zeolite addition
0 0 g (500 g soil) 0 g (250 g peat)
1 5 g (495 g soil) 2.5 g (247.5 g peat)
5 25 g (475 g soil) 12.5 g (237.5 g peat)
10 50 g (450 g soil) 25 g (225 g peat)
20 100 g (400 g soil) 50 g (200 g peat)
( ) amount of air-dried soil added per pot
For the addition of anaerobically digested dewatered sludge (ADDS-OX) to non-sludge 
amended soil (RFU), the amount of sludge to be used in each pot was calculated from the 
application rate of digested sludge cake to grassland = 50t per ha. Taking a 12.7 cm pot of 
surface area 0.012 m2, the amount of sludge cake to each pot would be 60 g. Thus, when 
making up these pots 60 ± 2 g sludge cake was added to a clean container, zeolite added, soil 
added, and all media mixed thoroughly before transferring into labelled pots and placed onto 
wet capillary matting. Additions of zeolite were made for 1, 5,10 and 20 %. Table 6.3 lists the 
amount of sludge, zeolite and soil added depending on the trial.
Table 6.3: Sludge, Zeolite and Soil Additions to the Sludge-amended Soil (RFU) and
Anaerobically Digested Dewatered Sludge (ADDS-OX) Trial
Trial (%) Zeolite addition
(g)
Sludge addition
(g)
Soil addition
(g)
0 0 60 440
1 4.4 60 433.6
5 22.0 60 418.0
10 44.0 60 396.0
20 88.0 60 352.0
All greenhouse trial pots were left for one week on the watered capillary matting to 
equilibrate to field capacity before seed could be applied.
6.3.2 Seed Application
After an equilibrium period of one week, perennial ryegrass (Lolium perenne napoleon) 
and white clover (Trifolium repens) were sown as test crops to compare the bioavailability of the 
metals in the different soil/zeolite treatments. Either 0.200 ± 0.001 g of white clover seed or 
0.300 ± 0.001 g perennial ryegrass seed was added to the surface of the pots. Due to the high 
yield of grasses and legumes compared with cereal crops, the amount of seed chosen for each
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pot was based on the size of the pot rather than the number of plants required. Rowell (1997) 
quotes a field seedling rate for ryegrass to be about 3 g nr2 or 0.04 g per 12.7 cm pot, with five 
times this rate allowing a full cover to be established quickly.
Triplicate treatments were undertaken for white clover and perennial ryegrass sludge- 
amended soil (RFC), and white clover and perennial ryegrass commercial peat (CP). 
Duplicates were used for the non-sludge amended soil (RFU) white clover and perennial 
ryegrass treatments. Perennial ryegrass only was seeded in duplicates for the non-sludge 
amended soil (RFU) with sludge (ADDS- OX) additions.
Biological variability was not considered a problem in the study of both perennial 
ryegrass and white clover growth, since both species establish many plants per pot.
6.3.3 Water Regime During Trials
In the field, crops would be watered directly onto the soil surface during rain periods, 
and thereby via root uptake from the soil at greater soil depths. However, in the greenhouse, 
watering was undertaken by means of an automatic watering system (connected to the mains 
water supply) allowing the capillary matting to become fully wetted once per day (late 
afternoon) for 5-10 mins.
Capillary matting was used in these trials since it reduces the loss of nutrients and 
heavy metals during watering, and encourages water uptake by osmotic force to the plant roots 
(water is taken up by plants by capillary action during plant transpiration).
A dilute commercial nutrient solution was added to the capillary matting every two
weeks.
6.3.4 Light and Temperature Control
The greenhouse used for this study was temperature controlled; above 25°C, ceiling 
vents would open and an electric fan would operate to maintain temperature at 22 - 25°C. 
Glassed panes were whitened to restrict direct effects from the sun. Pots were moved every 
second day to limit possible effects of shading, etc.
6.4 Preparation and Analysis of Greenhouse Trial Material
Chapter 2, section 2.2.3.1 outlines the preparation details for the collected vegetative 
material from the greenhouse trials, and similarly section 2.3.1 for the preparation of the potted
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soil. The method used for the analysis of plant cuttings, roots and soil is described in section 
2.3.1.5, following the method of open vessel (hot-plate) digestion.
6.4.1 Quality Control
During the analysis of all acid digested material from the greenhouse trials (plant 
cuttings, roots and soil), two certified reference materials were run on the Flame Atomic 
Absorption Spectrometer (FAAS). The certified reference materials included the Community 
Bureau of Reference CRM 281 Trace Elements in Rye Grass, and GBW 07401 Chinese Soil. 
Values obtained for both certified reference materials are provided in Table 6.4. All samples 
were analysed by open vessel (hot-plate) digestion and analysed by FAAS for Ca, Na, Mg, Cu, 
Cd, Ni, Pb and Zn. Flame Photometry was used for the analysis of potassium. All sample 
digests were prepared in 25 ml polypropylene bottles, however due to the high dilution factor 
exhibited for this volume for both nickel and cadmium, sample digests were also prepared in 10 
ml polypropylene bottles.
Table 6.4: FAAS Certified Reference Material Results for the Greenhouse Trials
BCR CRM 281 
Trace Elements in 
Rye Grass
Heavy metal concentration, mean ±  std.dev. (mg/kg, dry wt)
Ni Cu Zn Cd Pb
Certified value 3.0 9.7 31.5 0.12 2.4
±0.2 ± 0.4 ±1.4 ± 0.003 ±0.1
FAAS *2.8 7.5 30.0 < LCD *1.9
(n = 10) ±0.7 ±0.5 ±1.7 ±0.2
GBW 07401
Chinese Soil
Certified value 20.4 21.0 680 4.3 98
±2.7 ±2.0 ±39 ±0.6 ± 8
FAAS *19.7 18.3 652.2 *3.7 96.4
(n = 10) ±2.2 ± 0.7 ±29.7 ±0.2 ±3.4
*Digest volume = 10 m
In general, for both CRM 281 Trace Elements in Rye Grass and GBW 07401 Chinese 
Soil, there is good agreement between measured values and certified values for all heavy 
metals studied. The measurement of cadmium in the ryegrass material was below the limit of 
detection for FAAS, even with digest volumes of 10 ml. Typical percentage relative standard 
deviations (% RSD) values for BCR CRM 281 (Trace Elements in Rye Grass) range from 6.6 % 
for Cu to 10.5 % for Pb. The soil reference material (GBW 07401 Chinese Soil) has typical % 
RSD values ranging from 3.5 % for Pb to 10.2 % for Ni. Open vessel (hot-plate) digestion and
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analysis by FAAS has shown to provide both good accuracy and precision for the heavy metals 
studied.
6.5 Effect of Zeolite Addition on the Uptake of Heavy Metals
This section details the effect of zeolite addition on the heavy metal uptake of both 
perennial ryegrass and white clover. Each specific soil will be discussed in turn, summarising 
the effects of zeolite addition on heavy metal uptake, for both crops. Details of the 
corresponding deficiency and toxicity problems associated with heavy metals can be found in 
Chapter 1, section 1.3.1.
Plant/soil ratios (transfer coefficients) are used for each soil type and crop, to establish 
the mobility of each metal from the soil to total plant material (roots and plant tops). Plant/soil 
ratios of an element are defined as the elemental concentration in total plant tissues relative to 
the total elemental concentration in the soil. Typically a ratio greater than 1 indicates increased 
mobility to the plant, and less than 1 shows reduced mobility with the heavy metals and/or 
major elements retained in the soil.
Also discussed in this section are the geochemical associations over the trial conditions 
(0 (blank), 1, 5,10 and 20 % zeolite addition), and especially the impact of elements such as 
Ca, K, Mg and Na on the heavy metals studied. Of importance in this section will be the effect 
of zeolite addition on the heavy metal uptake in the sludge-amended soil for both perennial 
ryegrass and white clover, and the effect on the availability of essential micro-nutrients.
6.5.1 Plant/Soil Ratios - Mobility of Heavy Metals
Typical literature heavy metal concentrations for ryegrass and clover grown in non­
sludge amended soil are shown with the corresponding plant/soil ratios in Table 6.5.
Table 6.5: Reported Literature Plant & Soil Values - With Calculated Plant/Soil Ratios
Element Literature (pig/g, dry wt)
Plant* Soil** Calculated Plant/Soil Ratio*
Ryegrass Clover Ryegrass Clover
Cu 6.5 7.4 15 0.43 0.49
Pb 2.4 1.31 20 0.12 0.07
Zn 58 73 60 0.97 1.22
Ni 2.4 2.8 20 0.12 0.14
Cd 0.21 0.13 0.25 0.84 0.52
*Smith (1996); **Ward (1997) - no details of soi type; + calculated using reported literature 
plant/soil values.
Using the literature values in Table 6.5, provided by Smith (1996) and Ward (1997), the 
plant/soil ratios calculated for both ryegrass and clover suggest that there is reduced heavy 
metal mobility within this soil; although the higher values for zinc for both species may suggest 
greater mobility of this element. Alloway & Jackson (1991) evaluated the mobility of a range of 
heavy metals in the soil-plant system, using plant/soil ratios and showed that both cadmium 
and zinc were the most bioavailable heavy metals. Their plant/soil ratios presented in Table 6.6 
are orders of magnitude only, with specific values dependent upon plant species and soil 
variable.
Table 6.6: Reported Plant/Soil Ratios of Heavy Metals in the Soil-Plant System
Heavy Metal Plant/Soil Ratios
Cd 1-10
Cu 0.1-1
Ni 0.1-1
Pb 0.01-0.1
Zn 1-10
[Adapted from Alloway & Jackson, 1991)
6.5.2 Greenhouse Trials: Blank or Non-zeolite Additions
Table 6.7 reports the total plant/soil ratios for the blank or non-zeolite addition trials 
from the greenhouse study for both ryegrass and clover.
Table 6.7: Plant/soil Ratios for Ryegrass and Clover for all Non-zeolite Trials
Element Ryegrass Clover
RFU CP RFC RFU/OX RFU CP RFC
Ca 110.8 1.8 3.2 45.1 298 4.5 2.6
K 18.7 397.6 41.8 18.1 18.9 565.5 43.8
Mg 7.7 4.2 6.6 7.8 7.1 4.4 6.0
Na 38.5 63.7 51.6 56.7 42.4 26.0 39.7
Cu 2.0 3.1 0.7 1.4 3.0 1.7 0.6
Pb 0.5 0.7 0.4 0.5 0.6 ND 0.3
Zn 1.5 36.5 1.6 2.1 1.6 8.2 1.3
Ni ND ND 0.4 ND ND ND 0.1
Cd ND ND 1.1 ND ND ND 0.7
RFU - non-sludge amended soil; CP - commercia peat; RFC - sludge-amended soil; RFU/OX - non
sludge amended soil with anaerobically dewatered digested sludge added 
ND - not determined (measured values below detection limit)
Non-sludge amended soils (RFU and CP) show that all main elements (Ca, K, Mg and 
Na) and the heavy metals Cu and Zn are mobile to the plant material. In general, the heavy
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metal plant/soil ratios for these soils agree with those found in the literature (Table 6.6) for both 
Zn (1 -10 ) and Pb (0.01 - 0.1), but disagree for Cu (0.1 - 1). Higher zinc values in the 
commercial peat (CP) would depend on the amount added, as micronutrient supplementation 
occurs with this product.
Sludge-amended soils (RFC and RFU-OX) indicate that the main elements (Ca, K, Mg 
and Na) show enhanced uptake by both plant species. The influence of lime treatment on the 
anaerobically digested dewatered sludge used to sludge-amended the RFU soil suggests there 
would be more available calcium for plant uptake than the sludge-amended soil (RFC). Copper 
and zinc show increased uptake by the plant in the freshly sludge-amended soil (RFU-OX), 
whereas, Pb appears to remain in the soil.
The sludge-amended soil (RFC) shows that K and Na are more readily mobilised than 
Ca and Mg into both plant species. Similar trends can be seen for the heavy metal plant/soil 
ratios, namely Cu, Pb and Ni are retained in the soil (plant/soil ratios < 1) whilst, Zn is taken up 
by the plant (plant/soil ratios > 1 ).
6.5.3 Greenhouse Trials: Effect of Zeolite Addition
This section will outline the general trends found for the total plant/soil ratios for the 
zeolite additions from 0,1, 5,10 and 20 % zeolite addition to the growth media. Further plant 
tops/soil and root/soil ratios are also discussed in an attempt to find where the heavy metals 
and main elements are stored. Furthermore, total elemental concentrations are compared 
between blank (0 %) and 20 % zeolite addition in the soils (corrected to constant soil weight). 
The heavy metals (Cu, Pb, Zn, Ni and Cd) will be discussed first followed by the trends seen by 
the main elements (Ca, K, Mg and Na).
6.5.3.1 Copper
Table 6.8 outlines the copper total plant/soil ratios for both ryegrass and clover species 
over the different soil/zeolite additions used.
For the non-sludge amended soils (RFU and CP), both ryegrass and clover show no 
significant change in total plant/soil ratio from 0 % to 20 % zeolite addition. Copper levels for 
these soils reflect general uptake into the plant.
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Table 6.8: Copper Total Plant/Soil Ratios for Ryegrass and Clover
Zeolite
additions
Ryegrass Clover
RFU CP RFC RFU/OX RFU CP RFC
Blank 2.0 3.1 0.7 1.4 3.0 1.7 0.6
1% 2.1 3.8 0.8 1.6 3.4 1.7 0.7
5% 2.1 4.4 0.9 1.5 2.0 2.0 0.7
10% 1.5 4.9 1.1 1.8 2.7 2.3 0.6
20% 2.1 5.1 0.9 1.7 2.2 1.4 0.8
RFU - non-sludge amended soil; CP - commercia peat; RFC - sludge-amended soil; RFU/OX - non
sludge amended soil with anaerobically dewatered digested sludge added
In general there is no change in copper mobility with the sludge-amended soils (RFC 
and RFU/OX) with regard to zeolite addition. For the sludge-amended soil (RFC) copper tends 
to be retained in the soil for both ryegrass and clover, whereas, the freshly sludge-amended soil 
(RFU/OX) shows copper to be mobilised into the plant.
Figure 6.0 shows for all soils that there is a general trend of minimal change in total 
plant/soil ratio observed as zeolite addition is increased for both ryegrass and clover. The main 
change occurs with enhanced copper uptake by ryegrass with increasing zeolite addition to 
commercial peat (CP).
Figure 6.0: Copper Total Plant/Soil Ratios for all Soil/Zeolite Additions - Ryegrass and 
Clover
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To further define if the metals are mobilised to the plant tops or the roots, plant top/soil 
and root/soil ratios (highlighted in bold) are defined in Table 6.9 for all soil/zeolite additions.
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Table 6.9: Copper Plant Top/Soil and Root/Soil Ratios for Ryegrass and Clover
Zeolite
additions
Ryegrass Clover
RFU CP RFC RFU/OX RFU CP RFC
Blank PT/S 0.7 2.1 0.1 0.6 1.4 0.9 0.1
R/S 1.3 1.0 0.6 0.8 1.6 0.8 0.5
1% PT/S 0.8 2.3 0.2 0.6 1.6 0.9 0.1
R/S 1.3 1.6 0.6 1.0 1.8 0.8 0.6
5% PT/S 0.9 2.9 0.2 0.5 0.9 1.0 0.1
R/S 1.3 1.5 0.7 1.0 1.1 1.0 0.6
10% PT/S 0.5 3.1 0.3 0.8 1.3 1.2 0.1
R/S 1.1 1.8 0.8 0.9 1.4 1.1 0.5
20 % PT/S 0.6 2.4 0.1 0.7 1.0 0.8 0.1
R/S 1.5 2.6 0.8 1.0 1.1 0.6 0.7
RFU - non-sludge amended soil; CP - commercial peat; RFC - sludge-amended soil; RFU/OX 
sludge amended soil with anaerobically dewatered digested sludge added
non-
For the non-sludge amended soil (RFU) copper mobility is to the roots of ryegrass and 
both root and plant tops for clover. Commercial peat (CP) also shows differences between 
plant species where copper in ryegrass is mobilised to plant tops and roots, whilst for clover, 
copper remains in the soil. The sludge-amended soil (RFC) and the freshly sludge-amended 
soil (RFU/OX) show reduced copper plant uptake, with this metal remaining in the soil for all 
soil/zeolite additions and plant species. Graphical representation of the trends for the plant 
top/soil and root/soil ratios can be found in Appendix C.
Having considered the plant/soil ratio trends for copper, more information may be 
shown by evaluating the total copper content (corrected for constant soil weight in the individual 
pots) as shown in Table 6.10. Contrast will be made between non-zeolite (blank) and 20 % 
zeolite addition soils.
Table 6.10: Copper Concentration (mg/kg, dry wt) in Non-zeolite (blank) and 20 % Zeolite 
Addition Media
Zeolite
additions
Ryegrass Clover
RFU CP RFC RFU/OX RFU CP RFC
Blank 17.4
±0.5
16.3
±1.8
257.1
±25.6
48.7
±3.1
16.4
±1.6
20.7
±2.6
218.4
±14.1
20% 24.3
±3.7
10.8
±1.5
218.1
±10.6
42.0
±7.2
24.9
±0.7
20.9
±1.0
198.3
±9.7
RFU - non-sludge amended soil; CP - commercia peat; RFC - sludge-amended soil; RFU/OX - non
sludge amended soil with anaerobically dewatered digested sludge added 
Values are mean ± std.dev. based on duplicate or triplicate pots (section 6.3.2)
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The non-sludge amended soil (RFU) for both ryegrass and clover has higher copper 
levels in the soil with 20 % zeolite addition. The increase may be due to release of copper from 
the zeolite (Chapter 4, total acid digestion results show clinoptilolite to contain 9.5 mg/kg 
copper). Furthermore, the addition of zeolite may alter the physico-chemical nature of the soil 
colloidal material (clays, organic matter, etc), thus releasing copper. Commercial peat (CP) 
shows a decrease in copper with 20 % zeolite addition for ryegrass only. This decrease may 
be attributed to copper uptake by ryegrass (Tables 6.8,6.9, and Figure 6.0).
The sludge-amended soil (RFC) and the freshly sludge-amended soil (RFU/OX) show 
no change in copper for either crop after 20 % zeolite addition to the respective soils.
6.S.3.2 Lead
Table 6.11 outlines the lead total plant/soil ratios for both ryegrass and clover species 
over the different soil/zeolite additions used. Lead was not measurable in both ryegrass and 
clover plants for the commercial peat (CP).
Table 6.11: Lead Total Plant/Soil Ratios for Ryegrass and Clover
Zeolite Ryegrass Clover
additions RFU RFC RFU/OX RFU RFC
Blank 0.5 0.4 0.5 0.6 0.3
1% 0.6 0.3 0.4 0.5 0.2
5% 0.4 0.3 0.4 0.3 0.2
10% 0.4 0.4 0.5 0.4 0.2
20% 0.6 0.3 0.6 0.5 0.3
- non-sludge amended soil; RFC - sludge-amended soil; RFU/OX - non-sludge amended soi
anaerobically dewatered digested sludge added
For all soils and crops there is no change in the plant/soil ratio with increasing zeolite 
addition, suggesting that lead remains in the soil media in all cases.
The amount of lead found in the non-zeolite and 20 % zeolite added soils are shown in 
Table 6.12. Note all 20 % zeolite soil concentrations have been corrected to constant soil 
weight.
As shown by the plant/soil ratios the total lead content shows no significant difference 
between non-zeolite and 20 % zeolite additions. As with copper, only commercial peat (CP) 
shows a reduced soil lead value with 20 % zeolite addition. However, it is not clear why this 
lead is reduced in the soil as no measurable Pb uptake was found in the collected plants.
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Table 6.12: Lead Concentration (mg/kg, dry wt) in Non-zeolite (blank) and 20 % Zeolite 
Addition Media
Zeolite
additions
Ryegrass Clover
RFU CP RFC RFU/OX RFU CP RFC
Blank 41.6
±0.3
21.9
±3.7
140.5
±6.0
46.9
±6.6
45.6
±11.4
21.5
±6.3
118.1
±2.4
20% 43.0
±4.7
14.9
±0.1
114.5
±17.8
39.8
±0.6
50.3
±2.9
25.7
±0.8
124.7 
± 4.2
RFU - non-sludge amended soil; CP - commercia peat; RFC - sludge-amended soil; RFU/OX - non
sludge amended soil with anaerobically dewatered digested sludge added 
Values are mean ± std.dev. based on duplicate or triplicate pots (section 6.3.2)
One possible explanation of the reduced soil lead with 20 % zeolite addition, is that 
lead may have become absorbed by mycorrhizal fungi present within the root/soil system, and 
during preparation of the root material, lead associated with the mycorrhizal fungi may have 
been washed from the root material. Mycorrhizal fungi play an important role in element cycling 
between external media and roots (Ward etal., 2001). Alternatively, commercial peat is high in 
organic matter and therefore plants may be rich in metal-organic complexes. These complexes 
may have been partially adsorbed onto the root, and as above, lost during sample preparation.
G.5.3.3 Zinc
Table 6.13 outlines zinc total plant/soil ratios for ryegrass and clover over the different 
soil/zeolite additions used.
Table 6.13: Zinc Total Plant/Soil Ratios for Ryegrass and Clover
Zeolite Ryegrass Clover
additions RFU CP RFC RFU/OX RFU CP RFC
Blank 1.5 36.5 1.6 2.1 1.6 8.2 1.3
1% .1.8 42.3 1.7 2.2 1.8 23.2 1.3
5% 1.5 63.6 1.8 2.1 1.6 9.7 1.1
10% 1.3 57.1 1.7 2.4 1.7 15.7 1.1
20% 1.6 40.0 1.6 2.4 1.4 8.0 1.2
RFU - non-sludge amended soil; CP commercia peat; RFC - sludge-amended soil; RFU/OX - non
sludge amended soil with anaerobically dewatered digested sludge added
For all soil/zeolite additions and plant species there is no change in the plant/soil ratios 
as the zeolite addition is increased. All plant/soil ratios indicate mobility of zinc into the plant 
(plant/soil ratio > 1), with the highest plant uptake being found in the commercial peat (CP), 
ryegrass trial.
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Figure 6.1 shows the trends observed for all soils as zeolite addition is increased in 
terms of the resultant zinc content in both ryegrass and clover. Only commercial peat (CP) 
shows any significant levels of variance and is probably explained by the factors already 
discussed for Pb and Cu.
Figure 6.1: Zinc Total Plant/Soil Ratios for all Soil/Zeolite Additions - Ryegrass and 
Clover
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Table 6.14 lists data to evaluate whether zinc is mobilised into plant tops or roots, 
through the use of plant top/soil and root/soil ratios.
Zinc plant uptake from non-sludge amended soil (RFU) shows some interesting 
variations between ryegrass and clover. In general, plant top/soil ratios show that zinc remains 
in the soil media for ryegrass, and any uptake resulting in zinc being localised in the plant roots. 
In contrast, the clover trial shows Zn uptake by the plant tops. Commercial peat (CP) zinc 
ratios show that zinc is mobilised into both plant parts for ryegrass and clover, over all zeolite 
additions.
The sludge-amended soil (RFC), for both ryegrass and clover, shows that zinc remains 
in the soil media for all zeolite additions. The ryegrass plant tops and root/soil ratios are close 
to 'T indicating some minimal mobility to plant parts. The freshly sludge-amended soil 
(RFU/OX) shows zinc to be mobilised into ryegrass leaves and roots. There is no change in 
ratios for both soils (RFC and RFU/OX) with zeolite addition.
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Table 6.14: Zinc Plant Top/SoiI and Root/Soil Ratios for Ryegrass and Clover
Zeolite
additions
Ryegrass Clover
RFU CP RFC RFU/OX RFU CP RFC
Blank PT/S 0.6 21.2 0.8 1.1 0.9 4.5 0.6
R/S 0.9 15.4 0.9 1.0 0.7 3.7 0.7
1% PT/S 0.8 25.7 0.8 1.1 1.1 13.9 0.6
R/S 1.0 16.6 0.9 1.1 0.7 9.3 0.7
5% PT/S 0.7 39.2 0.9 0.9 0.7 5.5 0.4
R/S 0.8 24.4 0.9 1.2 0.9 4.2 0.7
10% PT/S 0.5 44.7 0.8 1.3 0.8 8.3 0.4
R/S 0.8 12.3 0.9 1.1 0.8 7.4 0.7
20% PT/S 0.6 25.9 0.7 1.2 0.7 4.9 0.4
R/S 1.0 14.1 0.9 1.3 0.7 3.1 0.8
RFU - non-sludge amended soil; CP - commercial peat; RFC - sludge-amended soil; RFU/OX - non­
sludge amended soil with anaerobically dewatered digested sludge added
Graphical representation of the trends for the plant top/soil and root/soil ratios can be 
found in Appendix C. In general, zeolite addition has no effect on zinc mobility for all soil and 
plant species.
The amount of zinc found in the 20 % zeolite addition soils compared with the non­
zeolite (blank) soils are shown in Table 6.15 for all soil/zeolite trials. Note all 20 % zeolite soil 
concentrations have been corrected to constant soil weight.
Table 6.15: Zinc Concentration (mg/kg, dry wt) in Non-zeolite (blank) and 20 % Zeolite 
Addition Media
Zeolite
additions
Ryegrass Clover
RFU CP RFC RFU/OX RFU CP RFC
Blank 85.9 
± 0.7
8.9
±0.3
262.1
±10.3
113.6
±5.4
84.5
±0.8
15.5
±4.3
247.9
±13.2
20% 101.2
±4.5
5.3
±1.1
277.3
±12.8
105.4
±9.3
103.7
±1.8
18.1
±1.8
280.1
±19.0
RFU - non-sludge amended soil; CP - commercial peat; RFC - sludge-amended soil; RFU/OX 
non-sludge amended soil with anaerobically dewatered digested sludge added 
Values are mean ± std.dev. based on duplicate or triplicate pots (section 6.3.2)
The non-sludge amended soil (RFU) shows an increase in zinc content at 20 % zeolite 
addition for both crop soils indicating the possibility of zinc release from the zeolite and/or the 
soil colloidal minerals (clays, organic matter, etc). In comparison, the commercial peat (CP) 
shows a decrease in Zn content at 20 % zeolite addition for the ryegrass soil media, whilst no 
change is observed for the clover soil media. Table 6.13 suggests that zinc is mobilised into 
the ryegrass for this soil and removal can thus be attributed to uptake from the plant, and/or
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through mycorrhizal or metal-organic complex removal during sample preparation, as 
mentioned for lead in section 6.5.S.2.
The sludge-amended (RFC) and freshly sludge-amended soils (RFU/OX) show no 
change in zinc concentration for either ryegrass or clover (RFC only) when comparing non­
zeolite (blank) and 20 % zeolite additions.
6.S.3.4 Nickel
Table 6.16 outlines nickel total plant/soil ratios for ryegrass and clover over the different 
soil/zeolite additions used for the sludge-amended soil (RFC). Nickel was not determined in the 
non-sludge amended soil (RFU), commercial peat (CP) and freshly sludge-amended soil 
(RFU/OX).
Table 6.16: Nickel Total Plant/Soil Ratios for Ryegrass and Clover
Zeolite Ryegrass Clover
additions RFC RFC
Blank 0.4 0.1
1% 0.2 0.1
5% 0.4 0.1
10% 0.3 0.0
20% 0.3 0.5
RFC - sludge-amended soil
The sludge-amended soil (RFC) showed no change in ratio with increasing zeolite 
addition; and for both species nickel remains in the soil media. Analysis of root/soil ratios for 
ryegrass and clover also confirm that nickel remains in the soil media (Appendix C).
The amount of nickel found in the 20 % zeolite addition soils compared with the blank 
soils are shown in Table 6.17 for all soil/zeolite trials. Note all 20 % zeolite soil concentrations 
have been corrected to constant soil weight.
Table 6.17: Nickel Concentration (mg/kg, dry wt) in Non-zeolite (blank) and 20 % Zeolite 
Addition Media
Zeolite Ryegrass Clover
additions RFC RFC
Blank 8.7 6.0
±1.6 ±0.7
20% 4.9 4.2
±1.1 ±0.8
Values are mean ± std.dev. based on duplicate or triplicate pots (section 6.3.2)
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There is a reduction in nickel for the sludge-amended soil (RFC) at 20 % zeolite 
addition, compared with the blank soils for both crops. This reduction in nickel would be 
attributed to mycorrhizal or metal-organic complex removal during sample preparation, (as 
mentioned for Pb and Zn), or zeolite and/or soil colloidal uptake since there is no mobility of 
nickel recorded by the total plant/soil ratios.
6.5.3.S Cadmium
Table 6.18 outlines cadmium total plant/soil ratios for ryegrass and clover over the 
different soil/zeolite additions used for the sludge-amended soil (RFC) only. As with nickel, 
cadmium plant/soil ratios were only measurable for the sludge-amended soil (RFC).
Table 6.18: Cadmium Total Plant/Soil Ratios for Ryegrass and Clover
Zeolite
additions
Ryegrass Clover
RFC RFC
Blank 1.1 0.7
1% 1.0 0.9
5% 0.7 0.9
10% 0.9 1.0
20% 0.6 1.4
RFC - sludge-amended soil
For ryegrass plants grown in non-zeolite added soil some cadmium appears to be 
taken up by the plant but in the soil at 20 % zeolite addition this trend was not observed. 
However, the clover crop showed the opposite trends, namely, cadmium mobilisation in the soil 
for the blank soil and into plant parts for the 20 % zeolite addition. Mobility of cadmium was 
limited to the roots for both ryegrass and clover plants.
The amount of cadmium found in the 20 % zeolite addition soils compared with the 
non-zeolite (blank) soils are shown in Table 6.19 for all soil/zeolite trials. Note all 20 % zeolite 
soil concentrations have been corrected to constant soil weight.
Cadmium reduction seems to be significant for ryegrass grown in sludge-amended soil 
(RFC), especially when compared with the clover soil. This reduction could be attributed to 
cadmium uptake by the zeolite and/or soil colloids. However, the ability to find trends may be 
more related to the problem of low levels of cadmium present in the collected media.
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Table 6.19: Cadmium Concentration (mg/kg, dry wt) in Non-zeolite (blank) and 20 % 
Zeolite Addition Media
Zeolite Ryegrass Clover
additions RFC RFC
Blank 11.2 8.8 -
±1.8 ±1.1
20% 7.3 6.2
±1.5 ± 1 .2
Values are mean ± std.dev. based on duplicate or triplicate pots (section 6.3.2)
6.S.3.6 Calcium
Table 6.20 shows the calcium total plant/soil ratios for ryegrass and clover over the 
different soil/zeolite additions used.
Table 6.20: Calcium Total Plant/Soil Ratios for Ryegrass and Clover
Zeolite
additions
Ryegrass Clover
RFU CP RFC RFU/OX RFU CP RFC
Blank 110.8 1.8 3.2 45.1 298.2 4.5 2.6
1% 110.9 2.1 2.9 43.0 295.6 5.0 4.3
5% 78.6 2.0 3.5 51.7 165.2 5.1 4.0
10% 53.8 2.2 2.6 50.6 148.9 5.8 2.6
20% 36.2 2.4 2.6 18.4 86.4 5.0 2.6
RFU - non-sludge amended soil; CP - commercia peat; RFC - sludge-amended soil; RFU/OX - non
sludge amended soil with anaerobically dewatered digested sludge added
For both crops, all soils show calcium mobility into the plant parts. There is little 
change in total plant/soil ratios for the commercial peat (CP) and sludge-amended soil (RFC) 
for both crops, over all zeolite additions. However, a reduction in intensity for both the non­
sludge amended soil (RFU) and the freshly sludge-amended soil (RFU/OX) with increasing 
zeolite additions is clearly shown.
Figure 6.2 shows the general trends for calcium in all soils, with a clear reduction in 
total plant/soil, plant top/soil and root/soil ratios for the non-sludge amended soil (RFU) and the 
freshly sludge-amended soil (RFU/OX). Both of these soils show that as zeolite addition is 
increased, calcium in both plant tops and roots is decreased, resulting in an increase in calcium 
in the soil media - whether this is released from the soil colloids or the zeolite is difficult to 
ascertain.
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The amount of calcium found in the 20 % zeolite addition soils compared with the non­
zeolite (blank) added soils are shown in Table 6.21 for all soil/zeolite trials. Note all 20 % 
zeolite soil concentrations have been corrected to constant soil weight.
Table 6.21: Calcium Concentration (mg/kg, dry wt) in Non-zeolite (blank) and 20 % Zeolite 
Addition Media
Zeolite
additions
Ryeg rass Clover
RFU CP RFC RFU/OX RFU CP RFC
Blank 150.8 
± 4.7
9346.3
±435.9
10057.0
±201.5
421.7
±68.7
109.6
±61.4
8314.3
±316.3
16314.0
±982.5
20% 376.4
±78.9
6126.0
±677.5
8774.5
±197.3
649.0
±121.5
309.2
±32.3
7869.6
±727.8
17489.6
±991.5
RFU - non-sludge amendec soil; CP - commercial peat; RFC - sludge-amended soil; RFU/OX - non-
sludge amended soil with anaerobically dewatered digested sludge added.
Values are mean ± std.dev. based on duplicate or triplicate pots (section 6.3.2)
The non-sludge amended (RFU) and freshly sludge-amended soils (RFU/OX) show an 
increase in calcium for both crops in the soil media with 20 % zeolite addition, compared to the
non-zeolite (blank) addition soils. This increase could be attributed to zeolite and/or soil
colloidal release (as already outlined for Figure 6.2).
However, commercial peat (CP) shows a significant reduction in calcium at the 20 % 
zeolite addition for ryegrass only: due to zeolite and/or soil colloidal uptake, or mycorrhizal fungi 
uptake and subsequent removal during sample preparation. No change is observed for the 
clover soil media, commercial peat (CP).
Sludge-amended soil (RFC) shows a decrease in calcium for the 20 % zeolite addition 
for the ryegrass soil only, with no significant change in concentration observed for the clover 
soil. This decrease in calcium at 20 % zeolite addition could be attributed to zeolite and/or soil 
uptake, or mycorrhizal fungi uptake and subsequent removal during sample preparation.
6.5.3.7 Potassium
Table 6.22 shows the potassium total plant/soil ratios for both ryegrass and clover 
species over the different soil/zeolite additions used.
For both crops and soil conditions, potassium is mobilised to the plant parts. 
Commercial peat (CP) exhibits the highest levels of potassium plant/soil ratios, for both crops, 
compared with the other soils. The greatest decrease in plant/soil ratio, as zeolite addition is 
increased, can be observed for commercial peat (CP).
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Table 6.22: Potassium Total Plant/Soil Ratios for Ryegrass and Clover
Zeolite
additions
Ryegrass Clover
RFU CP RFC RFU/OX RFU CP RFC
Blank 18.7 397.6 41.8 18.1 18.9 565.5 41.8
1% 20.9 124.9 37.0 20.9 21.0 375.0 37.0
5% 14.7 74.0 27.6 14.0 32.4 186.8 27.6
10% 15.7 29.2 21.1 23.9 22.3 46.1 21.1
20% 11.1 19.1 14.0 21.5 17.7 27.5 14.0
RFU - non-sludge amended soil; CP - commercia peat; RFC - sludge-amended soil; RFU/OX - non
sludge amended soil with anaerobically dewatered digested sludge added
A decrease in ratio value is also observed for ryegrass for the non-sludge amended soil 
(RFU), and for both crops for the sludge-amended soil (RFC). No change in plant/soil ratio is 
observed for the freshly sludge-amended soil (RFU/OX).
Figure 6.3 shows the general trend for potassium, in all soils for total plant/soil, plant 
top/soil and root/soil ratios. As with calcium (Figure 6.2), commercial peat (CP) shows that an 
increase in zeolite addition results in a decrease in the plant/soil ratios for potassium. This 
trend suggests an increase in potassium in the soil media - whether this is released from the 
soil colloids and/or the zeolite is difficult to ascertain.
The amount of potassium found in the 20 % zeolite addition soils compared with the 
blank soils is shown in Table 6.23 for all soil/zeolite trials. Note all 20 % zeolite soil 
concentrations have been corrected to constant soil weight.
Table 6.23: Potassium Concentration (mg/kg, dry wt) in Non-zeolite (blank) and 20 % 
Zeolite Addition Media
Zeolite
additions
Ryeg rass Clover
RFU CP RFC RFU/OX RFU CP RFC
Blank 5083.3 
± 954.6
197.9
±52.8
2481.8
±388.1
4126.2
±475.3
5991.4
±554.1
204.6
±29.0
2407.8
±533.2
20% 9146.7
±946.4
7292.9
±432.4
7983.6
±465.8
5868.2
±288.4
7913.0
±748.8
6341.0
±454.8
8118.8
±810.4
RFU - non-sludge amendec soil; CP - commercial peat; RFC - sludge-amended soil; RFU/OX - non-
sludge amended soil with anaerobically dewatered digested sludge added 
Values are mean ± std.dev. based on duplicate or triplicate pots (section 6.3.2)
The concentration of potassium in the 20 % zeolite addition soil media, for both crops 
and soils, is considerably higher when compared with the non-zeolite (blank) addition media. 
The soil exhibiting the highest increase in potassium is commercial peat (CP); 3685 % 
potassium increase for ryegrass soil media and 3099 % potassium increase for clover soil 
media.
189
Fi
gu
re
 
6.
3:
 P
ot
as
siu
m
 
To
ta
l 
Pl
an
t/S
oi
l, 
Pl
an
t 
To
p/
So
il 
an
d 
Ro
ot
/S
oi
l 
Ra
tio
s 
fo
r 
ail
 S
oi
l/Z
eo
lit
e 
Ad
di
tio
ns
 
- R
ye
gr
as
s 
an
d 
C
lo
ve
r
o i ib j  i j o s / i o o y s o ij b j  | j o s / io o y
o o o o o o o o o  
o r b j  ifo s y d o ) j i r e id SOHBJ IlO S /d o )  )U B |d
OHBJ ||O S A U B |d  l e t o i0 »B J ||O S A U B |d  |B)OJ.
190
RF
C 
- s
lu
dg
e-
am
en
de
d 
so
il:
 R
FU
 
- 
no
n-
sl
ud
ge
 
am
en
de
d 
so
il;
 R
FU
/O
X 
- f
re
sh
ly
 
sl
ud
ge
-a
m
en
de
d 
so
il;
 
CP
 
- c
om
m
er
ci
al
 p
ea
t.
Compared with the non-zeolite (blank) added trials, the non-sludge amended soil 
(RFU) shows a 180 % potassium increase for ryegrass soil media and a 132 % increase for 
clover soil media. The sludge-amended soil (RFC) shows a 322 % potassium increase for 
ryegrass soil media and 337 % increase for the clover soil media. The freshly sludge-amended 
soil (RFU/OX) shows a 142 % increase in ryegrass soil media.
It is clear for all soils that an increase in zeolite addition results in an increase in 
potassium to the soil media. Since potassium, together with sodium, are the main exchange 
ions found to be present in the clinoptilolite, one would expect both these elements to be 
elevated in the soil media as zeolite addition is increased. The impact of this finding on plant 
morphology is discussed in section 6.6.
6.5.3.8 Magnesium
Table 6.24 reports the magnesium total plant/soil ratios for both ryegrass and clover 
species over the different soil/zeolite additions used.
Table 6.24: Magnesium Total Plant/Soil Ratios for Ryegrass and Clover
Zeolite
additions
Ryegrass Clover
RFU CP RFC RFU/OX RFU CP RFC
Blank 7.7 4.2 6.6 7.8 7.1 4.4 6.0
1% 7.3 4.8 6.4 7.4 7.1 4.9 5.9
5% 6.4 5.4 6.6 6.5 8.1 4.5 6.2
10% 6.6 5.0 6.0 7.8 7.4 4.9 5.7
20% 6.8 3.9 6.0 7.4 6.6 5.7 6.0
RFU - non-sludge amended soil; CP - commercia peat; RFC - sludge-amended soil; RFU/OX - non
sludge amended soil with anaerobically dewatered digested sludge added
Magnesium total plant/soil ratios show no change from non-zeolite (blank) to 20 % 
zeolite addition, for all soils and both ryegrass and clover crops. Magnesium seems to remain 
in the plant for all soil/zeolite conditions.
Table 6.25 highlights the actual average magnesium concentrations for each soil (and 
crop) for both non-zeolite (blank) and 20 % zeolite additions. Note all 20 % zeolite soil 
concentrations have been corrected to constant soil weight.
The non-sludge amended (RFU), sludge-amended (RFC) and freshly sludge-amended 
soils (RFU/OX) show an increase for both crops at the 20 % zeolite addition, compared with the 
non-zeolite (blank) additions. This increase could be attributed to magnesium release from the 
zeolite and/or soil colloidal minerals.
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Table 6.25: Magnesium Concentration (mg/kg, dry wt) in Non-zeolite (blank) and 20 % 
Zeolite Addition Media
Zeolite
additions
Ryeg rass Clover
RFU CP RFC RFU/OX RFU CP RFC
Blank 1125.6
±6.0
3791.7
±316.5
1319.6
±52.3
958.3
±50.1
1141.4
±100.4
3200.89
±189.6
1376.9
±31.0
20% 1444.8
±29.2
3351.1 
± 132.2
1737.1
±65.6
1140.6
±44.5
1449.1
±41.7
2572.9
±215.8
1581.8
±62.2
RFU - non-sludge amendec soil; CP - commercial peat; RFC - sludge-amended soil; RFU/OX - non-
sludge amended soil with anaerobically dewatered digested sludge added 
Values are mean ± std.dev. based on duplicate or triplicate pots (section 6.3.2)
Conversely, commercial peat (CP) shows a decrease for both crops at 20 % zeolite 
addition. A decrease in concentration could be attributed to plant uptake, zeolite and/or soil
, colloidal mineral uptake, or mycorrhizal fungi uptake and subsequent removal during sample
preparation.
6.5.3.9 Sodium
Table 6.26 reports the sodium total plant/soil ratios for both ryegrass and clover 
species over the different soil/zeolite additions used.
Table 6.26: Sodium Total Plant/Soil Ratios for Ryegrass and Clover
Zeolite
additions
Ryegrass Clover
RFU CP RFC RFU/OX RFU CP RFC
Blank 38.5 63.7 51.6 56.7 42.4 26.0 39.7
1% 39.7 14.4 54.1 67.4 40.9 18.7 35.9
5% 27.5 17.5 42.2 24.0 37.8 15.3 40.0
10% 29.7 12.8 29.3 35.8 24.2 11.9 34.3
20% 18.6 7.4 17.6 27.7 18.5 8.2 18.0
RFU - non-sludge amended soil; CP - commercia peat; RFC - sludge-amended soil; RFU/OX - non
sludge amended soil with anaerobically dewatered digested sludge added
The total plant/soil ratios indicate for all soil/zeolite conditions, and for both crops, that 
sodium is mobilised into the plant. High ratios are given for all soils, with a general decrease in 
the ratio value as the zeolite addition is increased. For all soils, sodium mobilisation is 
concentrated in the plant tops and roots.
Figure 6.4 shows the general trend for sodium, in all soils for total plant/soil, plant 
top/soil and root/soil ratios. All soils, for both crops, show a decrease in plant/soil ratio as the
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zeolite addition is increased, due to an increase in sodium to the soil media. The increase of 
sodium to the soil media may be a result of release from the zeolite.
Table 6.27 highlights the average sodium concentration found in the soil/zeolite media 
for both non-zeolite (blank) and 20 % zeolite addition, for all soils and both crops. Note all 20 % 
zeolite soil concentrations have been corrected to constant soil weight.
Table 6.27: Sodium Concentration (mg/kg, dry wt) in Non-zeolite (blank) and 20 % Zeolite 
Addition Media
Zeolite
additions
Ryeg rass Clover
RFU CP RFC RFU/OX RFU CP RFC
Blank 577.4
±36.0
411.54
±81.4
440.6
±88.1
453.6
±15.8
603.0
±111.2
601.9
±201.6
437.2
±69.6
20% 2392.1
±252.7
3913.4
±305.0
2666.8
±262.4
1888.7
±52.7
2158.6
±56.2
3302.7
±135.4
2503.5
±460.5
RFU - non-sludge amendec soil; CP - commercial peat; RFC - sludge-amended soil; RFU/OX - non-
sludge amended soil with anaerobically dewatered digested sludge added 
Values are mean ± std.dev. based on duplicate or triplicate pots (section 6.3.2)
The main impact from this element is the increase seen for both crops and all soils at 
20 % zeolite addition, compared with the non-zeolite (blank) added soils. The non-sludge 
amended soil (RFU) has a 414 % and 358 % increase in sodium in the soil/zeolite media for 
ryegrass and clover, respectively. Commercial peat (CP) has a 951 % sodium increase for 
ryegrass and 549 % sodium increase for clover. The sludge-amended soil (RFC) has a 605 % 
sodium increase for ryegrass and 573 % sodium increase for clover. The freshly sludge- 
amended soil (RFU/OX) has 416 % sodium increase for ryegrass soil media at 20 % zeolite 
addition.
As with potassium, a clear increase in sodium to the soil media is observed with 
increasing zeolite addition. One would expect sodium to be elevated in the soil media since it is 
one of the main ion exchangers on the zeolite framework, together with potassium. The impact 
from increased sodium on plant morphology is detailed in section 6.6.
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6.5.4 Geochemical Interactions
Correlation coefficients were conducted using the product moment correlation 
coefficient (PMCC) method, comparing one element from the trials (blank, 1, 5,10 and 20 %, 
both crops) with each element studied in turn. Details of the statistical method used can be 
found in Appendix A. Full details of the correlation coefficients for all soils are listed in 
Appendix D.
Specific attention is given to correlations for both sodium and potassium at 99 % 
significance (p < 0.01) on both heavy metal and main elemental uptake; sodium and potassium 
being the main ion exchange elements released into the soil media by the zeolite.
6.5.4.1 Non-sludge Amended Soils (RFU and CP)
The product moment correlation coefficients (PMCC), assessing the effect of both 
sodium and potassium on other elements as zeolite additions are increased, are presented in 
terms of elemental increase (t)  or decrease (^), in Table 6.28 for the non-sludge amended 
soils (RFU and CP). Only elements having correlation coefficients of p < 0.01 (99 %) 
significance are presented for ryegrass and clover.
Table 6.28: Effect of Na and K on the Non-sludge Amended Soils (RFU and CP)
Soil code Crop Affect of Na and K increase
Plant tops Roots Soil
RFU Ryegrass i  Ca and Mg T Ca, Mg, Cu and Zn 
I  Pb
t  Mg and Ca
Clover >lCa Î  Mg 
i  Ca
t  Mg and Ca
CP Ryegrass 'I' Ca t  Cu 
I  Ca, Mg and Pb
i  Ca and Cu
Clover t  Zn T Ca and Mg I  Mg
RFU - non-sludge amended soil; CP - commercial peat; T denotes a significant increase; 
I  denotes a significant decrease
The non-sludge amended soil (RFU) shows a significant increase in Ca and Mg for 
both crops as Na and K are increased (as a result of zeolite addition) to the soil media. The 
increase in both Ca and Mg, also present in the clinoptilolite (Chapter 3, section 3.3.2: CaO = 
1.3 %, MgO = 0.9 %), suggests that ion exchange with the zeolite has taken place. Ryegrass 
and clover grown on this soil also show a significant decrease in Ca uptake to the plant tops. 
The increased addition of clinoptilolite on this soil has shown a decrease in Ca to both forage
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crops, which would ultimately have an affect on the health and quality of the forage crop. The 
importance of calcium as an essential element for plant health has already been outlined in 
section 6.2.2.1. However, different trends are observed for the roots of these crops in this soil; 
ryegrass shows a significant increase in Ca, Mg, Cu and Zn, and decrease in Pb to roots, 
whereas, clover roots show a decrease in Ca and increase in Mg due to the impact of Na and K 
increase (from zeolite addition).
Commercial peat (CP) shows different trends to the non-sludge amended soil (RFU), 
and a difference in terms of the crop studied. Clover grown in commercial peat (CP) exhibits a 
significant decrease in Mg to the soil media with a subsequent increase of Mg in the roots as a 
result of Na and K increase. The addition of zeolite (in terms of Na and K release) also 
suggests that clover grown in commercial peat (CP) results in a significant increase in Zn by 
plant tops, whereas a significant decrease with Ca uptake is shown with ryegrass. A significant 
decrease in Ca is observed for all commercial peat (CP) media studied, namely plant tops, 
roots and soil. Calcium decrease throughout the whole ryegrass growth media would suggest 
loss from the system, whether this is through sample preparation, or precipitation from the soil 
solution is unclear. Furthermore, a decrease in any element in the soil media could be a result 
of zeolite uptake. However, in order to quantify this one would need to analyse separately the 
soil and zeolite at the end of the greenhouse trials.
6.S.4.2 Sludge-amended Soils (RFC and RFU/OX)
Table 6.29 shows the significant effects (taken from the product moment correlation 
coefficients at p < 0.01) produced from increased zeolite addition (in terms of Na and K 
increase) on the sludge-amended soils (RFC and RFU/OX). Only elements having correlation 
coefficients of p < 0.01 (99 %) significance level are presented for ryegrass and clover.
Table 6.29: Effect of Na and K on the Sludge Amended Soils (RFC and RFU/OX)
Soil code Crop Affect of Na and K increase
Plant tops Roots Soil
RFC Ryegrass Î  Mg 
4-Ca
T Mg and Zn 
i  Ca, Ni and Cd
t  Mg and Zn 
I  Ni, Cu, Cd and Pb
Clover t  Ca 
i l n
t  Mg, Cd and Zn T Ca, Mg and Zn 
I  Ni, Cu and Cd
RFU/OX Ryegrass No significant 
affect
T Mg, Pb and Zn 
i  Ca
Î  Mg 
i  Cu, Pb and Zn
RFC - sludge-amended soil; RFU/OX - fres ily sludge-amended soil; T denotes a significant
increase; I  denotes a significant decrease
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Similar trends can be seen for ryegrass grown in the sludge-amended soils (RFC and 
RFU/OX). For both soils a significant increase in Mg and decrease in Cu and Pb are observed 
as a function of zeolite addition. The increase in Mg to the soil media would be a direct result 
from the zeolite as mentioned in section 6.5.4.1. The decrease in copper from both soils would 
suggest loss from the soil either as a result of sample preparation, precipitation or loss of 
soluble copper species during the trials, and/or zeolite uptake. However, further quantification 
would be required to determine if ion exchange with the zeolite actually occurred.
The sludge-amended soil (RFC) also shows a significant decrease in Ni and Cd in both 
soil and roots for ryegrass. Zeolite addition (in terms of Na and K increase) shows a significant 
increase in Mg and Zn to soil and roots, and Mg in the plant tops. Clinoptilolite contains both 
main elements (Chapter 3, section 3.3.2) and heavy metals (Chapter 4, section 4.2.2). Thus, 
during the greenhouse trials a change in the physico-chemical characteristics of the soil may 
have resulted in ion exchange of zeolitic Zn into the soil media. Also, of importance, is a 
significant decrease in Ca in the ryegrass, suggesting an affect on crop health and quality if 
zeolites are used to amend this soil. Conversely, clover grown on the sludge-amended soil 
(RFC) shows a significant increase in Ca in plant tops, and increase in Mg, Cd and Zn to the 
clover roots.
More information is needed on the affect of physico-chemical changes within the soil 
media during the greenhouse trials, and the impact this would have on the efficiency of the 
zeolite to immobilise heavy metals. As already observed in Chapter 5, heavy metal 
immobilisation will change according to the pH of the interacting media, the contact time, and 
the concentration of the heavy metals and main elements present. Additionally, the impact on 
metal fractionation, assessed in Chapter 4, may have altered as a result of zeolite addition to 
these soils. It is important to note that a decrease in soil metals would signify either an 
increase in mycorrhizal fungi/root uptake, possible loss from the soil media during sample 
preparation, and/or zeolite uptake. However, to actually define where the metals are bound 
would require separation and analysis of the soil and zeolite.
6.6 Morphological Investigations Throughout Greenhouse Trials
Morphological details were recorded before harvesting took place. Of main concern 
was the increase of yellowing, wilting and general poor growth of vegetation grown in 10 % and 
20 % zeolite addition, especially during the final growth period.
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The influence of zeolite addition to the pot trials was first assessed in terms of crop 
productivity for each plant and trial, i.e. plant yield per pot. After harvesting, the fresh weight 
growth for each pot was recorded. Figure 6.5 shows the average plant yield (fresh weight ± 
std.dev.) for each trial and soil type: plant yields have not been corrected to constant soil 
weight.
Figure 6.5: Plant Yield as a Function of Zeolite Addition
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The impact of sludge-amended soils (RFC and RFU/OX) with respect to non-sludge 
amended soils (RFU and CP) can be seen for both crops in the blank (non-zeolite addition) 
trials. In terms of non-zeolite addition, in the ryegrass trials using freshly sludge-amended soil 
(RFU/OX) contains a higher plant yield than all other soils studied, followed equally by 
commercial peat (CP) and the sludge-amended soil (RFC), and lastly the non-sludge-amended 
soil (RFU). Clover trials show higher plant yields compared to the ryegrass trials, with the 
higher plant yield occurring for commercial peat (CP) and the sludge-amended soil (RFC), and 
lastly the non-sludge-amended soil (RFU). Both blank (non-zeolite additions) crop trials clearly 
highlight the positive impact of organic matter and influence of sludge on plant yields.
Regarding zeolite addition, no affect on plant yield was observed for the commercial 
peat (CP) for ryegrass and clover, and the non-sludge amended soil (RFU) for ryegrass. 
Ryegrass plant yields decreased with increasing zeolite additions for the sludge-amended soil 
(RFC), and increased for both 10 and 20 % zeolite addition for clover. An increase in clover 
plant yield was also observed for the non-sludge amended soil (RFU) at 5,10 and 20 % zeolite 
addition. The freshly sludge-amended soil (RFU/OX) showed an increase in ryegrass plant 
yield for 20 % zeolite addition only.
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Research conducted by Nishita et al., (1968) on the growth of bean plants on control 
soils, control soils with a Na-clinoptilolite and a control soil with a Ca-exchanged clinoptilolite 
showed decreased plant yields (10 %) for the Na-clinoptilolite. The decrease in plant yield with 
the Na-clinoptilolite was linked to the high Na+ released to the soil media, producing osmotic 
and toxicity problems. In a later paper, Nishita & Haug (1972) showed similar results with a 
high Na (sodic) dominated clinoptilolite on barley and clover plant yields. The sodic clinoptilolite 
decreased all plant yields when compared to the controls, and could be related to the high Na 
and salt content of the clinoptilolite.
Pirela et ai, (1983), using a Na dominated clinoptilolite, also showed a limited crop 
response with zeolite addition. Additionally, Barbarick & Pirela (1983) concluded that the 
source of zeolite is very important when used in plant studies. They concluded that no crop 
response or a suppression in yield was reported in studies that used zeolites high in 
exchangeable sodium. The high Na+ and associated salinity produced Na-toxicity and/or 
osmotic problems for the plants (Barbarick & Pirela, 1983).
The reported trends observed for the sludge-amended (RFC), non-sludge amended 
(RFU) and commercial peat (CP) would agree with the early findings of those mentioned above. 
However, there is no clear evidence in published papers of the precise methods adopted in the 
greenhouse studies, i.e. are zeolite additions added to a constant soil weight or are they added 
to a constant pot volume (different soil weight throughout). Consequently, if the plant yields are 
corrected to correspond to a constant soil weight in each pot throughout, the trends are 
somewhat different. Figure 6.6 shows the trends in plant yield as a function of zeolite addition 
for both ryegrass and clover.
Figure 6.6: Plant Yield as a Function of Zeolite Addition - Corrected to a Constant Soil 
Weight
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Zeolite addition shows for all soils and crops an increase in plant yield as the zeolite 
addition is increased, especially for 10 and 20 % zeolite addition. This increase could simply be 
a result of correcting for constant soil mass throughout. Alternatively, an increase in zeolite 
may result in an increase of nutrients to the soil and as a consequence the plants may have 
responded to this input. However, photographic evidence (Appendix E) suggests that the affect 
from zeolite addition severely decreases plant health and quality: plants grown in 5,10 and 20 
% zeolite addition contained long, thin stems, yellowing of leaves, and short root depth 
suggesting the possible impact of Na, exchanged from the zeolite. As already mentioned 
above, researchers have also quoted the problems of using Na dominated zeolites including 
osmotic and toxicity affects (Nishita & Haug, 1972; Pirela etal., 1983; Barbarick & Pirela, 1983).
6.7 Summary
Taking into consideration the plant/soil ratios, geochemical interactions and the 
concentrations of all the elements studied in the soil media, the main findings of this chapter 
are:
•  Non-sludge amended soil (RFU) - zeolite addition increased soil Cu, Zn, Ca, K, Mg and 
Na. The greatest increase (comparing 20 % zeolite addition with 0 % addition) for this 
soil, namely Na and K increase in ryegrass 414 and 180 %, and clover soil 358 and 
132 %, respectively. One would not expect the heavy metals in this soil to be 
immobilised by the added zeolite, since from the geochemical fractionation study 
(section 4.3.6.3) the majority of metals in this soil were bound to the residual fraction.
• Commercial peat (CP) - zeolite addition for this soil increased both K and Na to the soil
for ryegrass and clover, and decreased Cu, Pb, Zn, Ca and Mg in ryegrass and
decreased Mg in clover. Both Na and K had the greatest increase to soil compared
with all soils studied, namely ryegrass 951 and 3685 %, and clover soil 549 and 3099 
%, respectively.
• Sludge-amended soil (RFC) - zeolite addition had no effect on the bioavailability of Cu, 
Pb and Zn for both crops. A reduction in soil Ni was observed for both crops, and a 
reduction in soil Cd and Ca for ryegrass only. An increase in K, Mg and Na was 
observed for both crop soils. Both Na and K had the greatest increase in this soil, 
namely ryegrass 605 and 322 %, and clover soil 573 and 337 %, respectively.
• Freshly sludge-amended soil (RFU/OX) - zeolite addition had no effect on the
bioavailability of Cu, Pb and Zn for the ryegrass. However, zeolite addition did
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increase Ca, K, Mg and Na to the soil media. The increase in both Na and K was the 
greatest with Na soil increase 416 % and K soil increase 142 %.
• For all soils, the addition of zeolite increased the amount of soil Na and K for both 
crops studied. The effect of this increase was observed at the final harvest, in which 
there was a decrease in health of the crop with increasing zeolite addition, i.e. zeolite 
addition crops showed signs of wilting (despite the capillary matting being wet), 
yellowing of leaves and generally unhealthy compared with the blank trials (photos of 
crops studied at the final harvest can be found in Appendix E).
•  In general, high concentrations of both Na and K are known to cause Ca and Mg 
deficiencies in plants (Mengel & Kirkby, 1978; Forbes & Watson, 1992). This 
relationship was observed for the commercial peat (CP) and the sludge-amended soil 
(RFC) only.
•  Previous research in the literature shows that in most laboratory-based experiments, as 
conducted in Chapter 5, removal of heavy metals greatly exceeds what has been found 
here (refer to section 1.7.4.3 and 1.7.4.5). As shown in the greenhouse trials, the 
impact of soil physico-chemical interactions has an impact on the zeolite, competing 
with the zeolite for heavy metal removal. However, in order to replicate such a 
complex interacting media in the laboratory would be too complicated and ineffective. 
Research should therefore be placed on 'real-media', and understanding the 
complexities of interaction when natural zeolites are used in 'real-media' solutions.
It is very difficult to compare the effect of both Na and K release in the literature, as 
there is a large unwillingness, especially in zeolite treatment technologies, not to measure 
these elements in the receiving media. Researchers tend to rely heavily on heavy metal 
removal, and in some cases quote zeolite uptake as being the main mechanism, where, in 
some cases, especially soil remediation, influence from soil colloids must be taken into 
consideration (Chlopecka & Adriano, 1996; Zorpas, etal., 1999; Nissen etal., 2000).
This chapter has shown the problem of using natural (untreated) zeolites and their 
potential affect on the soil-plant environment, especially in terms of Na and K plant uptake. 
There has been considerable research undertaken on Na-conditioned zeolites and their 
potential use in the field of environmental protection and remediation (Mondale et al., 1995; 
Ouki & Kavannagh, 1997; Langella et al., 2000). The impact of the released sodium and 
exchangeable ions to the water and/or soil environment in which the material is to be used is 
nearly always not measured or considered. Obviously the impact from Na, in terms of toxicity
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and osmotic problems, would be higher using a Na-conditioned zeolite than reported in this 
study.
Farm decisions that affect fertiliser and irrigation practices and crop rotations can result 
in gradual changes in organic matter, pH, and possible redox conditions, and thus at some later 
stage the bioavailability of heavy metals to crops. Urban-industrial activities, well removed from 
farming communities, can also have a major impact on the biological effectiveness of heavy 
metals in soils. Environmental changes will over time affect the efficiency of the zeolite for 
heavy metal adsorption.
To date, the long-term effects of this mineral in the environment still need to be 
addressed, despite being used in the field of environmental remediation and protection for the 
past 50 years.
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C H A P T E R /
CONCLUSIONS
7.0 Introduction
Within the UK, approximately 10 million tonnes of sludge dry solids are currently 
produced annually (Moffat et al., 2001). With the ban of sewage sludge dumping at sea 
(December 1998), disposal to land, incineration and landfill must be seen as the three main 
outlets for sewage sludge. One problem that has always been prevalent is the increasing 
amount of inorganic compounds existing in the final sludge. Compounds such as heavy metals 
and radionuclides, if deposited on agricultural land, can have a wide range of toxic effects to the 
soil-plant-animal system. Remediation technologies that adopt an 'in-situ' immobilisation of 
heavy metals would be best suited to these sludges and sludge-amended soils.
Natural zeolites, formed by the reaction of fine-grained volcanic ash with pervasive 
ground, have many advantages and uses in the fields of environmental protection and 
remediation. For the past 30-40 years, they have been used in agriculture, agronomy, 
aquaculture, animal husbandry, energy conservation, and most recently wastewater treatment 
and pollution control (Mumpton, 1983; Ferguson et al., 1986; Allen & Ming, 1995; Haidouti, 
1997; Zorpas et al., 2000). Natural zeolites are present in large quantities around the globe, 
and have been shown, through ion exchange, to retain heavy metals found within different 
media - thus acting as an in-situ method for remediation purposes.
The aim of this study was to test the effectiveness of using the natural zeolite 
clinoptilolite in the remediation of heavy metal contaminated sludge-amended soils. Moreover, 
through greenhouse trials, it was deemed essential to determine the potential of clinoptilolite to 
reduce heavy metal bioavailability to plants, namely two main forage crops: perennial ryegrass 
(Loiium repens napoleon) and white clover (Trifolium repens). Clinoptilolite was selected on the 
basis of its high relative abundance in geological deposits and wide research in laboratory 
experiments confirming its ion exchange capabilities. The main heavy metals of concern 
selected for this study were those commonly found in wastewater treatment sludges and 
sludge-amended soils, i.e. Cu, Cd, Ni, Pb and Zn.
In order to fulfil the aim of this research all objectives were clearly defined, and 
subsequently completed within the course of this study. They include:
• development of multi-elemental analysis procedures (for ICP-MS, IC, FAAS, FP, XRF, 
XRD and SEM) and heavy metal quality control procedures (CRM's, inter-laboratory 
comparisons);
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•  a detailed chemical characterisation of the clinoptilolite to assess its potential to 
remove heavy metals (Cd, Cu, Ni, Pb and Zn) from synthetic solutions;
• a detailed chemical characterisation of a selected sewage sludge, to include acid 
extractable metals and geochemical fractionation analysis;
•  a detailed chemical characterisation of three soils to be used for greenhouse trials: a 
sludge-amended soil that has exceeded MAFF maximum permissible and advisable 
concentrations for potentially toxic elements in soil (The Code of Practice for 
Agricultural Use of Sewage Sludge), a soil from the same area that had no previous 
sludge addition and a commercial peat of high organic matter content; and,
• comprehensive greenhouse trials to evaluate the technical feasibility and viability of 
using clinoptilolite for the remediation of potentially toxic heavy metal contaminated 
sludge-amended agricultural soils, comparisons being made with non-sludge amended 
soils, commercially available compost and freshly sludge-amended soil.
7.1 Main Conclusions
This research involved two main areas of experimental investigation:
1. Laboratory Investigations: Physico-chemical characterisation of all research media.
Heavy metal content: acid extraction and geochemical 
fractionation of all research media.
Removal of heavy metals from synthetic mixed metal solutions 
by clinoptilolite.
2. Greenhouse Trials: Assessment of the technical feasibility of using clinoptilolite to
immobilise, and therefore reduce the bioavailability of 
potentially toxic heavy metals in forage crops.
7.1.1 Laboratory Investigations
Detailed below are the main conclusions from the laboratory investigations.
Physico-chemical characterisation -
• The natural zeolite, clinoptilolite (British Zeolite Company), was found to contain 
predominantly sodium and potassium exchangeable cations, with impurities of quartz,
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cristobalite and potassic feldspars. The cation exchange capacity (CEC) for this 
clinoptilolite was analysed as 7.35 ± 0.14 cmol/kg, similar to values quoted by 
Mumpton (1983a) and Olin & Bricka (1998). Leaching experiments conducted at pH 
5.5 and 7.5, showed clinoptilolite to contain more chloride and sulphate at pH 7.5 than 
at pH 5.5, thus suggesting that metal/anion complexes would be more mobile at higher 
pH values with the zeolite than at lower pH values.
• Both the sludge-amended soil (RFC) and the anaerobically digested dewatered sludge 
(ADDS - OX) exhibited a CEC, pH and organic matter content indicative of restricting 
heavy metal mobility and bioavailability. However, due to their high organic matter 
content, there is some concern regarding the decomposition of this material, which 
would result in a release of metal-organic complexes into the soil environment.
• The 'background' non-sludge amended soil (RFU) had a similar textural class (sandy 
loam) to the sludge-amended soil (RFC) but differed in that it had a lower pH, CEC, 
moisture and organic matter content.
Heavy metal content: Acid extraction and geochemical fractionation -
• Total acid digested heavy metals for the clinoptilolite showed the presence of Ni (3.1 ±
0.8 mg/kg, dry wt), Cu (9.5 ± 1.2 mg/kg, dry wt), Zn (23.7 ± 3.6 mg/kg, dry wt), Cd (1.3 
± 0.1 mg/kg, dry wt) and Pb (5.1 ± 0.2 mg/kg, dry wt). When compared with the soil 
media heavy metal content, the values found for the clinoptilolite are negligible.
• The sludge-amended soil (RFC) contained heavy metals (Ni, Cu, Zn and Cd) which 
exceeded the guidelines quoted by MAFF (1998) for the Code of Practice for 
Agricultural Use of Sewage Sludge: Ni (144.4 ± 6.4 mg/kg, dry wt), Cu (358.9 ± 14.7 
mg/kg, dry wt), Zn (521.8 ±11.4 mg/kg, dry wt), Cd (20.0 ± 0.4 mg/kg, dry wt) and Pb 
(170.3 ± 1.2 mg/kg, dry wt). Geochemical fractionation showed a significant 
association (43 - 67 %) for Cu, Zn and Ni could be linked to the residual fractions, 
whereas Pb and Cd are mainly associated with Fe & Mn oxides (hydroxylammonium 
chloride extraction). Exchangeable (acetic acid extraction) heavy metal levels were 
measured in the order of decreasing availability of Cd > Zn > Ni > Cu; Fe & Mn oxide 
order of decreasing availability Cd > Pb > Zn > Ni > Cu; and, organically bound 
(hydrogen peroxide and ammonium acetate extraction) order of decreasing availability 
Cu > Pb > Ni > Zn. However, Cd was predominantly associated with the Fe & Mn
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oxide (60.5 %) and exchangeable fractions (29 %), hence of greater concern with 
regard to mobility and bioavailability compared with the other metals studied.
• The non-sludge amended soil (RFU) contained heavy metals below the stated MAFF 
(1998) guidelines: Ni (31.0 ± 1.1 mg/kg, dry wt), Cu (25.9 ± 2.2 mg/kg, dry wt), Zn 
(102.8 ± 9.6 mg/kg, dry wt), Cd (1.6 ± 0.01 mg/kg, dry wt) and Pb (45.3 ± 0.2 mg/kg, 
dry wt). Geochemical fractionation showed the heavy metals (Ni, Cu, Zn, Cd and Pb) 
to be predominantly associated with the residual fraction, with the minimum association 
seen for Pb (50.3 %) and maximum for Cd (100 %). Exchangeable heavy metal levels 
showed an order of decreasing availability of Zn > Cu > Ni > Pb; Fe & Mn oxide order 
of decreasing availability Pb > Cu > Zn > Ni; and, organically bound order of 
decreasing availability Cu > Ni > Pb > Zn.
•  The anaerobically digested dewatered sludge (ADDS - OX) contained both Cu and Zn 
levels above those quoted by MAFF (1998): Cu (762.2 ± 2.0 mg/kg, dry wt), Zn (710.1 
± 15.9 mg/kg, dry wt). Geochemical fractionation showed the heavy metals (Ni, Cu, Zn 
and Cd) to be predominantly associated with the residual fraction, with the minimum 
association seen for Cu (53.6 %) and maximum for Cd (100 %). Pb showed a greater 
affinity for the organic fraction (52.6 %). Exchangeable heavy metal levels showed an 
order of decreasing availability of Ni > Zn > Cu; Fe & Mn oxide order of decreasing 
availability Zn > Cu > Ni > Pb; and, organically bound order of decreasing availability 
Pb > Cu > Zn.
The geochemical fractionation results help to determine the mobility and bioavailability 
of heavy metals in the soil system, together with the risk of potential leaching to groundwater. 
Although trends have been proposed for the mobility and bioavailability of heavy metals in the 
research media, one would expect changes in the physico-chemical conditions to ultimately 
affect the heavy metal fractionation. Heavy metals associated with the exchangeable (acetic 
acid extraction) fraction represent the most likely to be available for plant uptake in both soil 
and sludge samples in their present physico-chemical conditions. Heavy metals associated 
with Fe & Mn oxide (hydroxylammonium chloride extraction) fractions would become available 
during reducing conditions, whilst oxidation of the soil/sludge would release the organic bound 
(hydrogen peroxide and ammonium acetate extraction) metals into the soil solution. Those 
metals associated with the residual fraction would not be available for plant uptake, and/or 
leaching.
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Removal of heavy metals from synthetic mixed metal solutions by clinoptilolite -
e Clinoptilolite was found to effectively remove a wide range of heavy metals (Cd, Cu, Ni, 
Pb and Zn) from a mixed metal synthetic solution, under controlled pH and contact time 
conditions.
•  Contact time experiments conducted at pH 5, 5.5 and 6 showed a rapid removal for all 
heavy metals from solution within the first 10 minutes of contact with the mixed metal 
solution (10 mg/l). The highest removal occurs for Pb in which 98 % removal is 
achieved by 45 minutes. The selectivity of the clinoptilolite for heavy metals in 10 mg/l 
mixed metal solution, over different contact times is: Pb > Cu > Cd > Zn > Ni. This 
selectivity agrees with those found by Ouki & Kavanagh (1997), despite the authors 
using a Na-exchanged clinoptilolite. Contact time experiments also showed the 
importance of Na and K release into the mixed metal solution as a function of contact 
time.
• The effect of increasing the mixed metal solution concentration showed a change in 
metal selectivity in every case, highlighting the impact of heavy metals for exchange 
sites. At 1 mg/l mixed metal solution, 100 % removal was achieved for all heavy 
metals (Pb = Cu = Cd = Ni = Zn). Lead removal remained 100 % for 10 and 50 mg/l, 
decreasing to 22.2 % at 500 mg/l mixed metal solution, clearly showing the high affinity 
for Pb cations at high mixed metal concentrations. Sodium and potassium release into 
solution was observed throughout the mixed metal experiments, suggesting that ion 
exchange with solution cations was taking place.
7.1.2 Greenhouse Investigations
Detailed below are the main results from the greenhouse investigations -
e Increasing zeolite (clinoptilolite) additions to the sludge-amended soil (RFC) and the 
freshly sludge-amended soil (RFU/OX) did not significantly affect the heavy metal 
mobility or bioavailability of Cu, Zn and Pb in these soils. This finding is in agreement 
with the geochemical fractionation results which showed that these metals are tightly 
bound to the soil medium.
• A reduction in soil Ni was observed for the sludge-amended soil (RFC) for both crops, 
and a reduction in soil Cd for ryegrass only.
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• Zeolite additions significantly increased the concentration of both Na and K in all soil 
media, suggesting that ion exchange is taking place in these soils with components 
other than the heavy metals studied here, e.g. anions, organic complexes, etc.
•  In the sludge-amended soil (RFC) and commercial peat (CP), zeolite additions reduced 
the Ca and Mg (essential plant elements) bioavailability to the plant, whereas in the 
non-sludge amended soil (RFU), zeolite addition increased soil media Cu, Zn, Na, K, 
Ca and Mg.
• Differences were observed between forage crop species on the extent of Na and K 
bioavailability, with ryegrass exhibiting the largest uptake of both elements compared 
with clover.
•  For all soils, the addition of zeolite increased the amount of soil Na and K for both 
crops studied. The effect of this increase was noticeable at the final harvest, in which 
there was a decrease in the morphological appearance of the crops with increasing 
zeolite addition, i.e. zeolite addition crops showed signs of wilting (despite the capillary 
matting being wet), yellowing of leaves and were generally unhealthy compared with 
the blank trials (photos of crops studied at the final harvest can be found in Appendix 
E). The wilting effect on the 20 % zeolite additions could be in part due to the 
increased Na levels in the soils, restricting water uptake into roots.
The greenhouse trials have highlighted one major aspect which has been overlooked 
by the majority of published research, namely, when applying natural zeolites in soil for 
remediation purposes the main concern should not be how quickly and efficiently the zeolites 
can immobilise heavy metals by decreasing metal bioavailability, but how they will perform in 
the long-term, taking into consideration the environmental changes that can take place in both 
the sludge and soil media. Particular interest should be centered on the release of the zeolitic 
cations (namely Na, K and Ca) back into the soil media and their subsequent long-term effect 
on both crop yield and quality as well as the immobilisation of the metals of concern.
Researchers using natural zeolites, for the remediation of metal contaminated media, 
have never fully investigated the sodium problem. Campbell & Davies (1997) stated in their 
paper that clinoptilolite loses Na to the soil solution which readily joins the nutrient pool, 
ultimately to be absorbed by the plant. They concluded that the specific choice of zeolite was 
important when applied to agricultural land. Also, Chelishchev (1995) stated that the long-term 
effect of zeolites added to radioactive polluted agricultural fields remains largely unknown.
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Research conducted by Pirela et al., (1984), testing the effectiveness of using 
clinoptilolite with commercial crops (corn, sugar beets and cucumber), found that zeolite 
addition to the soil decreased the yield of these crops. They speculated that the yield decrease 
was caused either by suppressed availability of NhLf due to exchange by the clinoptilolite or 
due to the release of Na from the clinoptilolite during ion exchange. Ferguson et al., (1986) 
showed that growing turf (creeping bentgrass) in clinoptilolite amended sand provided excess 
Na to the soil solution, which delayed germination and establishment of the crop. However, 
once the Na was leached out of the soil it was no longer negatively affecting turf quality. 
Garland & Apian (1995) showed that Na increased the cation exchange capacity (CEC) of the 
natural zeolite, whilst Ca and Mg appeared to decrease the CEC. More importantly, the 
authors suggested that calcium released by calcite dissolution would be expected to promote 
Ca uptake, together with both K and Mg present in solution: all interfering with heavy metal 
uptake. Zamzow & Murphy (1992), treating wastewaters with clinoptilolite, found that the 
calcium content of the wastewater interfered with the uptake of metal ions. Furthermore, in a 
later paper Zamzow & Schultze (1995) showed that calcium exchange used up most of the 
cation exchange capacity of the zeolite, thus reducing the capacity for metals.
This research has confirmed the suggested environmental implications, as discussed 
by Barbarick & Pirela (1983), Ferguson et al., (1986), Garland & Apian (1995), Zamzow & 
Schultze (1995), when using natural zeolites as 'in-situ' remediation materials. As such, 
zeolites should be treated with caution when used for the remediation of metal-contaminated 
media. The full environmental impact of the changing soil environment needs to be considered 
and evaluated if this material is to be fully recognised as a remediation tool in sludge-amended 
soils in the future. There is commercial potential for using this material provided that the 
selected natural zeolite Vn-s/ïi/'with the contaminated media is 'fit-for-purpose1.
The most economic, ideal remediation method for the collected sludge-amended soil 
(RFC), used throughout this research, would be continuous liming to both maintain pH and 
CEC of the soil. However, if and when liming is stopped, there is a greater chance for 
increased mobility and bioavailability of the heavy metals. Regarding the heavy metals in 
sludge, stricter legislation relying more on 'reduction at source' should clearly be emphasised if 
this waste product is to be used more effectively as an agricultural product.
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7.2 Recommendations for Future Work
In addition to the work carried out in this study, the following could be used to further 
assess the ability of using clinoptilolite for the remediation of sludge-amended soils:
• the use of K-exchanged zeolites should be tried to test their effectiveness in the 
removal of heavy metals in soil media (as undertaken by Leppert, 1990);
• use the clinoptilolite 'as received' and K-exchanged to test the effectiveness of 
heavy metal removal when soils are limed - i.e. impact of Ca ions to the zeolite ion 
exchange system;
• comprehensive field trials could be undertaken over 3 - 5 years to assess the 
effectiveness of using natural zeolites for the long-term remediation of sludge- 
amended soils;
• pilot-plant investigation at the sewage treatment plant, allowing sewage sludge to 
be mixed with natural zeolite (conditioned to a K-exchange form) before dewatering 
of the final sludge/zeolite product. Thus assessing the effectiveness of the zeolite 
for heavy metal removal; and,
• further investigations on the effectiveness of using natural zeolites in different soils 
containing different physico-chemical characteristics (pH, texture, anion contents, 
etc).
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APPENDIX A
Statistical Methods
Details of the statistical procedures and tests used throughout this thesis are outlined in this 
section. All the outlined tests have been conducted using Excel spreadsheets, Microsoft Office.
Arithmetic mean:
The arithmetic mean is based on the magnitude of all measurements. It is the most frequently 
used measure of central tendency. The arithmetic mean (Xa) is defined as the sum of all the 
individual measurements (Zx) divided by the total number of measurements (N) (Clark & 
Hosking, 1986).
Xa = (Z x !  N) Equation A1
Standard deviation (std.dev. or o):
The standard deviation (or root mean square deviation) is a measure of the spread in a data set 
about the mean and is calculated using the following equation:
<t= [ I  (x - xa)2 /  (n - 1)]° Equation A2
Relative standard deviation or coefficient of variation (RSD or CV):
The relative standard deviation provides a relative measure of variability by expressing the 
standard deviation (a) as a ratio of the mean (Xa), or more usually, as a percentage of the 
mean.
RSD = ( a  fXa) . 100 Equation A3
Product Moment Correlation Coefficient (r):
The product-moment correlation coefficient, or Pearson's correlation coefficient, is a parametric 
measure of the relationship between two variables (Ebdon, 1995). These variables must be 
measured on an interval scale, and the technique assumes that both variables have come from 
normally distributed populations. The product-moment correlation coefficient between two 
variables can be calculated using the following equation:
r  = X x y I n - x aya Equation A4
O x O y
231
where, xa = average of data in x 
ya = average of data in y 
ctx = standard deviation of data in x 
Cy = standard deviation of data in y
The calculated values of r will lie between -1 and +1. Highly correlated data sets have r values 
close to ±1 and uncorrelated data sets are close to zero. The significance of r is found from 
appropriate statistical tables, with the number of degrees of freedom being 2 less than the 
number of data points.
Linear regression:
Uses the method of least squares to find the line of best fit between two data sets. A straight 
line is determined using the following equation:
y = mx+ c Equation A5
where, m = gradient of the line
c = intercept of the line on the y-axis
m and c can be calculated as follows (Clark & Hosking, 1986):
m = n .2 x y -2 x .2 y Equation A6
n .Z x 2 -(2x)2
c = y a - m . X a Equation A7
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A P P E N D IX  B
Use of Natural Zeolites to Remove Heavy 
Metals from Synthetic Solutions
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APPENDIX C
Greenhouse Trials
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Product Moment Correlation Coefficients
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Greenhouse Trial Photographs
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